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Preface 


The  Office  of  Naval  Research,  the  National  Academy  of  Sciences  and  the  Shipbuilding  Research 
Association  of  Japan  jointly  sponsored  the  Thirteenth  Symposium  on  Naval  Hydrodynamics  which 
was  held  in  Tokyo,  Japan  during  the  period  6-10  October  1980.  The  Symposium  was  the  culmination 
of  several  years  of  intense  and  careful  preparation  and  organization,  and  its  success  from  the 
technical  and  scientific  point  of  view  as  well  as  from  the  cultural  and  social  point  of  view  is  a 
reflection  of  these  factors. 

The  technical  program  for  the  Symposium  was  constructed  around  the  core  theme  of  “the  impact 
of  hydrodynamics  theory  upon  design  practice  with  emphasis  on  high  performance  and/ or  energy 
saving  ships,”  and  consisted  of  three  sessions  on  Hull  Form,  two  on  Viscous  Flow  and  one  each  on 
Propulsion,  Cavitation  and  Wave  Energy.  The  authors  of  the  forty-five  papers  which  were  presented 
were  drawn  from  the  international  community  of  ship  hydrodynamics  research  scientists  with 
fourteen  nationalities  represented  on  the  technical  program. 

As  always  in  the  case  of  a  symposium  of  such  magnitude,  many  people  contributed  in  many  ways 
to  the  success  of  the  Thirteenth  Symposium  on  Naval  Hydrodynamics.  First  and  foremost  among 
these,  however,  is  Professor  Takao  Inui  of  the  University  of  Tokyo  who  served  as  chairman  of  the 
Program  Committee  and  was  the  focal  point  in  Japan  for  all  activities  involved  in  the  organization 
and  management  of  the  Symposium.  He  was  ably  assisted  by  Dr.  Yasufumi  Yamanouchi  of  the 
Mitsui  Engineering  and  Shipbulding  Co.,  Ltd.  and  Dr.  Koichi  Yokoo  of  the  Shipbuilding  Research 
Centre  of  Japan,  who  served  on  the  Program  Committee,  and  by  Professor  Seizo  Motora  of  the 
University  of  Tokyo  and  members  of  the  Working  Group  of  the  Symposium,  who  assisted  in  the 
planning  and  execution  of  the  many  details  associated  with  the  technical  program.  Many  thanks  are 
also  due  to  Mr.  Shigeichi  Koga,  President  of  the  Shipbuilding  Research  Association  of  Japan,  for  the 
invaluable  assistance  and  support  rendered  by  his  organization  and  for  his  gracious  words  of 
welcome  during  the  opening  ceremonies  of  the  Symposium.  A  similar  expression  of  appreciation  is 
extended  to  Dr.  Saunders  Mac  Lane,  Vice-President  of  the  National  Academy  of  Sciences,  and  Dr. 
Rudolph  J.  Marcus,  Scientific  Director  of  the  Office  of  Naval  Research  Scientific  Liaison  Group  in 
Tokyo,  who  also  gave  introductory  addresses  in  behalf  of  their  respective  organizations  during  the 
opening  ceremonies.  The  National  Academy  of  Sciences  was  further  represented  by  Mr.  Lee  M. 
Hunt,  Executive  Director  of  the  Academy’s  Naval  Studies  Board,  and  by  Professor  George  F.  Carrier 
of  Harvard  University  and  the  Naval  Studies  Board,  who  participated  on  the  Program  Committee 
and  provided  valuable  counsel  and  assistance  throughout  the  entire  planning  period  for  the  Sym¬ 
posium. 


Ralph  D.  Cooper 
Program  Director 
Fluid  Dynamics  Program 
Office  of  Naval  Research 
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Introductory  Addresses 


Address  by  Mr.  Shigeichi  Koga 

President  of  the  Shipbuilding  Research  Association  of  Japan 


Ladies  and  Gentlemen, 

It  is  a  great  pleasure  for  me,  on  behalf  of  the 
Shipbuilding  Research  Association  of  Japan,  to 
expre.  s  my  cordial  welcome  to  all  the  participants 
at  the  Thirteenth  Symposium  on  Naval 
Hydrodynamics. 

Taking  this  opportunity,  I  would  like  to  express 
my  sincere  appreciation  to  the  co-sponsors,  the 
Office  of  Naval  Research  and  the  National 
Academy  cf  Sciences,  for  providing  us  with  great 
assistance.  Without  their  kind  co-operation,  we 
could  not  have  organized  the  meeting  here  today.  I 
would  also  like  to  thank  the  Program  Committee 
for  their  utmost  efforts  toward  the  realization  of 
this  Symposium  in  1980.  It  was  the  Committee  that 
decided  to  hold  the  Thirteenth  Symposium  in 
Tokyo  this  fall. 

We  will  never  forget  many  others  for  their  kind 
support  to  the  symposium.  I  have  to  express  my 
warm  appreciation  to  the  Japan  Organizing 
Committee,  its  Working  Groups,  the  Shipbuilders’ 
Association  of  Japan,  Japan  Shipbuilding  Industry 
Foundation,  and  Dr.  Noritake  Ando,  and  other 
staff  members  for  their  contributions. 

Since  the  first  meet.ag  in  Washington,  D.C.  in 
1956,  the  symposium  has  been  held  continuous) 
every  other  year.  After  the  third  meeting  held  in 
Scheveningen,  the  Netherlands  in  1960,  it  has 
become  customary  that  the  even-numbered 
symposiums  would  be  held  in  the  United  States  and 
the  odd-numbered  ones  be  held  outside  the  United 
States.  Our  Scheveningen  symposium  was  followed 
by  ones  held  in  Bergen,  Rome,  Paris,  and  London. 


This  is  the  symposium  held  in  Asia  for  the  first 
time. 

The  core  theme  at  each  symposium  has  always 
reflected  the  most  important  issues  in  the  field  of 
naval  hydrodynamics  at  the  respective  time.  At  the 
first  symposium  to  be  held  in  the  1980s,  we  have 
selected  the  subjects  on  the  High  Performance 
Ships  and  the  Energy  Sav;r,r  Ships  as  the  core 
theme  because  they  have  .  .  . .  greatest  concerns 
since  the  outbreak  of  the  world  oil  crisis.  Forty-five 
reports  will  be  presented  in  the  symposium  by 
famous  authorities  from  fourteen  different 
countries  on  the  theme  of  the  “Impact  of 
Hydrodynamic  Theory  upon  Design  Practice  with 
Emphasis  on  High  Performance  and/wf  Energy 
Saving  Ships."  I  am  confident  that  the  symposium 
will  no  doubt  achieve  excellent  results  through  your 
active  discussions. 

To  our  happy  surprise,  more  than  three 
hundreds  have  participated  today,  while  at  first  we 
expected  only  more  or  less  two  hundreds. 

Participants  are  from  twenty-one  countries, 
that  is,  Brasil,  Bulgaria,  Canada,  China,  Den¬ 
mark,  Egypt,  Finland,  France,  Federal  Republic  of 
Germany,  Israel,  Italy,  Korea,  the  Netherlands, 
Norway,  the  Soviet  Union.  Spain,  Sweden,  the 
United  Kingdom,  the  United  States,  Yugoslavia 
and  Japan. 

We  are  especially  delighted  to  welcome  so  many 
beautiful  ladies  here  in  Tokyo  from  abroad.  Oc¬ 
tober  is  one  of  the  most  beautiful  months  in  Tokyo 
and  I  hope  the  climate  will  be  very  comfortable  to 
you.  I  wish  all  of  you  will  enjoy  he  autumn  of 


Japan. 


In  closing  my  speech,  I  sincerely  wish  that  the 
symposium  will  be  very  successful,  and  that  all  of 


you  will  bring  our  most  important  ship, 
“Friendship”,  to  your  home. 

Thank  you. 


Address  by  Dr.  Saunders  Mac  Lane 

Vice-President  of  the  National  Academy  of  Sciences 


It  is  my  particular  pleasure  and  privilege  to 
welcome  you  to  this  symposium  on  behalf  of  one  of 
the  sponsors,  the  National  Academy  of  Sciences  of 
the  United  States  of  America. 

The  National  Academy  in  my  country  covers  a 
great  variety  of  science,  running  from  the  social 
sciences  through  the  medical  sciences,  the 
biological  sciences,  physical  sciences  and 
mathematics,  to  engineering.  Moreover,  the 
National  Academy  of  Sciences  maintains  and 
guides  our  National  Research  Council.  This 
Council  carries  out  studies  on  many  varieties  of 
science  as  they  are  applied  to  or  needed  for 
problems  of  national  and  international  interest. 

It  so  happens  that  this  National  Research 
Council  has  had  a  long  and  effective  connection 
with  the  Symposium  on  Naval  Hydrodynamics.  I 
believe  that  the  first  symposium  of  this  series  was 
held  in  1956.  One  of  the  sponsors  at  that  time  was  a 
committee  of  the  National  Research  Council, 
namely,  the  then-active  Committee  on  Undersea 
Warfare.  Therefore,  right  at  the  beginning,  the 
National  Academy  was  involved  in  this  symposium. 
This  was  also  the  case  in  the  second  symposium  in 
1958,  when  the  same  NRC  committee  was  engaged 
in  planning  for  the  second  symposium. 

There  was  then,  as  far  as  I  can  discover,  a 
considerable  hiatus.  The  biannual  symposia 
'  ontinued,  but  the  National  Research  Council,  for 
one  reason  or  another,  was  not  directly  connected, 
although  our  Office  of  Naval  Research  was  active  in 


organizing  these  symposia.  Happily,  at  the  time  of 
the  Twelfth  Symposium  in  1978,  the  National 
Research  Council  again  appeared  as  one  of  the 
sponsors,  this  time  in  terms  of  a  new  committee, 
the  Naval  Studies  Board  of  our  National  Research 
Council.  That  particular  symposium,  as  I  know 
directly,  was  an  exceedingly  successful  one.  Many 
of  us,  George  Carrier,  I,  and  others  profited  from 
our  participation.  Now  I  am  pleased  that  the  same 
Naval  Studies  Board  of  the  National  Research 
Council  is  active  in  sponsoring  this  Thirteenth 
Symposium. 

So  far,  I  have  spoken  to  the  continuity  and 
tradition  of  this  symposium. 

Happily,  there  are  also  new  and  exciting  ad¬ 
ditions  to  the  content  of  the  symposium.  First,  it  is 
held  in  Japan.  This  we  can  especially  welcome, 
because  this  ensures  an  active  participation  by  our 
many  scientific  colleagues  from  Japan,  with  their 
wide-ranging  and  penetrating  knowledge.  It  is  right 
and  proper  that  Japanese  scien'  :ts  should  be 
interested  in  matters  of  naval  hydrodynamics. 
Clearly  an  island  country  such  as  Japan  must  be 
vitally  interested  in  connections  with  the  sea,  and 
indeed  Japan  has  long  been  so  interested.  We  are 
especially  pleased,  therefore,  that  this  symposium 
is  held  here,  in  the  lively  city  of  Tokyo,  with  the 
sponsorship  of  the  Shipbuilding  Research 
Association  of  Japan. 

This  time,  also,  the  international  composition 
of  this  symposium  is  especially  impressive,  as 


indeed  it  should  be,  beenuso  of  the  wide  in* 
(emotional  interest  In  the  problems  with  which  we 
arc  dealing.  At  this  Thirteenth  Symposium  there 
are,  according  to  my  count,  papers  presented  by 
scientists  from  fourteen  different  nations,  These 
nations  arc:  Brasil,  Bulgaria,  Canada,  China, 
Denmark,  Egypt,  Finland,  France,  Federal 
Republic  of  Germany,  Israel,  Italy,  Japan,  Korea, 
The  Netherlands,  Norway,  Spain,  Sweden,  the 
United  Kingdom,  the  United  States  of  America, 
the  Union  of  Soviet  Socialist  Republics  and 
Yugoslavia.  We  are  especially  happy  that  this 
symposium  is  able  to  include  such  a  wide  range  of 
international  experts  and  interests,  because  we  do 
know  that  scientific  questions  such  as  those  that  we 
meet  in  naval  hydrodynamics  are  questions  which 
have  profited  directly  from  the  international  ex¬ 
change  of  ideas  and  the  stimulation  of  contacts 
across  national  boundaries.  The  United  States  is 
pleased  to  be  a  part  in  this  activity. 

The  special  topics  of  this  symposium  are  also 
particularly  welcome.  It  deals  both  with  high- 
performance  ships  and  with  the  very  timely  con¬ 
sideration  of  ships  that  so  can  be  propelled  as  to 
save  energy.  For  my  own  part,  I  am  especially 
interested  in  this,  being  from  a  long  time  ago  a 
sailor,  and  I  think  with  pleasure  of  the  great 
privilege  of  sailing  where  the  only  propulsion  is  that 
of  the  wind.  I  realize  that  this  symposium  will 
hardly  get  down  to  the  consideration  of  wind- 
propelled  vessels,  but  I  submit  that  for  such  vessels 
we  have  the  longest  tradition  of  connection  with 


hydrodynamics  and  also  with  aerodynamics,  during 
the  many  centuries  over  which  Man  has  gone 
adventuring  out  to  sea,  propelled  only  by  sails 
driven  by  the  wind,  cither  on  old-type  vessels  or  on 
the  most  modern  Catamarans  or  12-mctcrs  as  raced 
in  the  races  today, 

Finally,  this  symposium  has  the  great  attraction 
of  dealing  with  a  number  of  fundamental  subjects 
about  naval  hydrodynamics.  You  can  easily 
imagine  that  this  is  of  particular  interest  to  a 
person  of  my  own  background,  since  I  have  worked 
myself  in  mathematics  and  I  am  especially  proud  of 
the  way  basic  mathematical  ideas  have  come  from, 
and  have  been  fed  into,  the  topics  which  we  deal 
with  here  in  this  symposium,  topics  such  as 
cavitation,  wave-making,  boundary  layer 
problems,  and  wave  energy  questions.  Not  only 
because  of  the  international  and  other  interests,  but 
also  because  of  the  highly  fascinating  technical 
problems,  I  will  be  interested,  as  all  of  us  will  be,  in 
the  ideas  to  be  developed  in  this  symposium. 

On  these  traditional  grounds,  a  long- 
continuing  symposium,  and  on  these  specially  new 
grounds,  the  particular  features  to  be  examined  in 
the  present  symposium,  I  am  happy  to  be  able  to 
act  here  as  Vice-President  of  the  National  Academy 
of  Sciences,  one  of  the  sponsors  of  this  symposium, 
in  welcoming  you  to  participation  in  the  five  ex¬ 
citing  days  that  we  have  before  us. 

Thank  you. 
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Address  by  Dr.  Rudolph  J.  Marcus 

Scientific  Director  of  the  Office  of  Naval 
Research  Scientific  Liaison  Group  in  Tokyo 


It  is  a  pleasure  for  me  to  bring  you  the  good 
wishes  of  the  Office  of  Naval  Research  and  of  the 
American  Embassy  for  a  productive  meeting. 

I  know  that  I  speak  for  Dr.  Jerome  Smith,  who 
unfortunately  could  not  be  here  today,  when  I 
express  our  appreciation  to  the  two  sponsoring 
organizations  and  their  representatives  here,  Mr. 
Koga,  President  of  the  Shipbuilding  Research 
Association  of  Japan,  and  Dr.  Saunders  Mac  Lane, 
Vice-President  of  the  U.S.  National  Academy  of 
Sciences.  I  am  sure  that  all  of  us  also  appreciate  the 
excellent  work  done  by  Professor  Inui  of  the 
University  of  Tokyo,  and  his  many  able  and 
dedicated  co-workers,  in  organizing  this  meeting. 

Thr  is  the  thirteenth  meeting  in  a  series,  each 
with  s...olarly  participants  of  many  different 
countries.  After  each  meeting  a  proceedings  has 
been  published.  Collectively  these  are  widely  used 
reference  volumes.  Since  my  organization,  the 
Office  of  Naval  Research,  strongly  believes  in  wide 
dissemination  and  further  use  of  research  results,  I 
feel  that  ycur  activities  at  this  and  past  meetings 
are  very  useful  and  constructive. 

Let  me  tell  you  a  little  bit  about  the  Office  of 
Naval  Research.  The  Office  of  Naval  Research 
(ONR)  was  the  first,  and  trom  1946-52  the  most 
important,  federal  government  agency  which 
funded  a  broad  range  of  basic  and  applied  research 
in  university  and  industrial  laboratories  in  the 
United  States.  When  the  National  Science 
Foundation  (NSF)  began  operaiions,  its  initial 
personnel  was  recruited  largely  from  ONR;  NSF’s 


first  Director,  Dr.  Alan  Waterman,  had  previously 
been  Chief  Scientist  of  ONR.  ONR  continues  to  be 
a  major  sponsor  of  fundamental  research  in  the 
physical  and  social  sciences  in  academic  and  in¬ 
dustrial  institutions  in  the  United  States  and 
elsewhere.  All  ONR-sponsored  work  in  university 
in  unclassified  and  ONR  policy  is  to  encourage 
publication  of  research  results  in  the  open  technical 
literature.  The  breadth  of  ONR’s  interest  is  in¬ 
dicated  by  the  names  of  its  divisions:  physical 
sciences,  mathematical  and  information  sciences, 
biological  sciences,  psychological  sciences,  arctic 
and  earth  sciences,  material  sciences,  and  ocean 
science  and  technology. 

Visits  by  ONR  staff  scientists  are  made  to 
numerous  scientists,  no  matter  who  sponsors  their 
work,  in  the  United  States,  Europe,  and  the  Far 
East.  These  visits  have  as  their  purpose  to  foster 
information  exchange  and  to  encourage  co¬ 
operative  research.  The  Office  of  Naval  Research 
Scientific  Liaison  Group  in  Tokyo  was  established 
in  1975  to  facilitate  such  visits  in  this  part  of  the 
world.  ONR  staff  scientists  based  in  Tokyo  visit 
laboratories  and  other  facilities  and  discuss  matters 
of  common  scientific  interest  with  their  academic 
and  industrial  colleagues  in  the  Far  East.  The 
Group’s  liaison  activities  as  well  as  its  reports  are 
wholly  unclassified. 

Speaking  for  the  Office  of  Naval  Research  and 
for  the  American  Embassy,  where  our  office  is 
located,  it  is  my  honor  to  wish  your  good  luck  and 
success  in  your  work. 


Thank  you. 


Speeches  at  Buffet  Party 


Opening  Speech 
By  Emeritus  Prof.  Takao  Inui 

Univ.  of  Tokyo 


Ladies  and  Gentlemen, 

It  is  a  great  privilege  for  me  this  evening  to  be 
able  to  greet  you  as  Chairman  of  the  Program 
Committee. 

The  Symposium  on  Naval  Hydrodynamics  has 
been  blessed  with  great  achievements  during  its 
twenty-four  year  histoiy  which  began  in  1956.  And 
I  have  realized  that  we,  the  Japanese  researchers, 
have  benefited  greatly  by  attending  these  Symposia. 

We  had  long  been  studying  the  possibilities  of 
holding  a  symposium  in  Japan,  in  the  hopes  that  we 
could  repay  all  the  good  will  which  has  been  shown 
to  us.  Unfortunately,  it  was  difficult  for  the  Society 
of  Naval  Architects  of  Japan  to  host  this  symposium 
due  to  the  special  circumstances  of  our  country 
after  the  war. 

In  February  1976,  the  International  Seminar  on 
Wave  Resistance  was  held  in  Tokyo  and  Osaka.  On 
that  occasion,  the  first  preliminary  meeting  for 
feasibility  study  of  the  symposium  in  Japan  was 
assembled.  In  addition  to  five  Japanese  members, 
Mr.  Cooper,  who  was  one  of  the  Seminar  Session 
Chairmen,  Dr.  Bertin  and  Prof.  Kovaznay  from  the 
Tokyo  Branch  of  the  Office  of  Naval  Research  were 
present  at  the  meeting. 

Either  the  Shipbuilding  Research  Association 
of  Japan  or  Shipbuilding  Research  Center  of  Japan 


was  considered  as  a  possible  Japanese  host 
organization.  The  year  1980  was  selected  as  the 
first  possible  data.  Otherwise  we  must  wait  till  1992 
or  2004,  i.e.  twelve  year  interval.  The  symposia 
outside  the  United  States  are  to  be  held  at  four-year 
intervals  and  in  Japan  we  have  three-year  interval, 
i.e.,  off-season  of  ITTC  and  ISSC.  This  multiplied 
interval  resulted  in  twelve  years. 

Later,  the  Shipbuilding  Research  Association 
of  Japan  kindly  accepted  to  be  the  host  for  the 
symposium  in  1980,  and  the  official  announcement 
was  made  at  the  Twelfth  Symposium  held  in  June 
1978  at  Washington,  D.C. 

It  is  unfortunate,  however,  that  we  had  to  face  a 
serious  depression  in  the  shipbuilding  industry 
after  that  due  to  the  second  oil  crisis.  In  fact,  we 
had  even  the  third  "crisis”  or  “Koga"  crisis  in 
January  1979.  I  was  shocked  when  we  were  ad  l.-ed 
by  President  Koga  to  reconsider  the  plans  for  tne 
Tokyo  Symposium. 

Tonight,  I  am  very  pleased  to  see  that  the 
symposium  was  finally  realized. 

I  would  like  to  take  this  opportunity  to  thank 
all  of  you  for  your  participation  which  contributed 
a  great  deal  to  the  symposium.  At  the  same  time,  I 
would  like  to  express  our  special  thanks  to  the 
Office  of  Naval  Research,  the  National  Academy  of 
Science,  the  Shipbuilding  Research  Association  of 
Japan,  the  Shipbuilders’  Association  of  Japan,  and 
the  Japan  Shipbuilding  Industry  Foundation,  for 
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extending  to  us  their  kind  offices  throughout  the 
preparation  stages. 

I  am  afraid  that  all  of  you  are  quite  tired  by  now 
after  going  through  the  tight  schedule  since  last 
Monday.  You  are  also  requested  to  attend  the 


session  tomorrow,  which,  in  Japan,  is  a  national 
holiday,  “Sports  Day”.  I  sincerely  hope  that  you 
will  have  a  fruitful  and  happy  day.  Have  a  good 
time  here  tonight. 

Thank  you  very  much. 


Congratulatory  Speech 
By  Mr.  Marshall  P.  Tulin 

Hydronautics,  Inc. 


Thank  you  Mr.  Master  of  Ceremonies, 
Professor  Inui,  our  Japanese  host,  and  all  of  our 
Japanese  friends.  I  think  there  are,  by  official 
count,  a  hundred  and  thirty-one  of  us  who  have 
traveled  to  this  wonderful  country  from  abroad  to 
participate  in  this  Symposium,  and  I  don’t  think 
any  of  us  would  like  to  leave  without  expressing 
certain  thoughts.  I  am  honored  to  have  the  role  to 
try  to  do  that  in  my  own  words.  I  would  like  to 
address  myself  first  to  our  Japanese  host,  Professor 
Inui,  and  all  of  our  Japanese  friends.  You  know  it’s 
not  possible  for  us  to  visit  this  beautiful  and 
fascinating  country  without  being  almost  over¬ 
whelmed  by  your  personal  kindness  and  your 
graciousness.  In  addition,  we  experience  every  day 
at  the  Symposium  your  extraordinary  efficiency  and 
organization.  This  is  of  course  a  most  appropriate 
locale  for  the  Thirteenth  Symposium  because  in 
addition  to  these  attributes  you’re  carrying  out  here 
throughout  the  country  intensive  and  high-quality 
research  in  our  field  which  is  making  its  impact  and 
has  made  its  impact  for  many  years  throughout  the 
world.  And  so,  I  think  you  are  something  like  the 
New  York  Yankees  of  the  Naval  Hydrodynamics 
Symposium  with  all  of  these  assets  going  for  you. 
And  in  addition  you  have,  of  course,  a  secret 
weapon,  the  beautiful  and  charming  Japanese 
women  who  have  made  their  presence  known  to  us 
in  subtle  ways;  I  think  the  twenty-five  foreign 


women  who  are  here  would  like  especially  to  thank 
these  Japanese  women  for  their  great  kindness  in 
showing  them  Tokyo,  acquainting  them  with 
Japanese  ways,  and  in  otherwise  charming  us. 

I  think,  too,  some  note  should  be  made  on  this 
occasion— mention  should  be  made  of  Professor 
Inui’s  particular  role,  as  of  course  he  is  responsible 
for  the  Symposium  being  located  here  in  Tokyo, 
and  we  have  to  thank  him  for  that.  It  happens  to  be 
a  time  when  he  has  just  retired  from  Tokyo 
University,  and  I  think  we  would  want  to  show  our 
regard  and  appreciation  for  his  contributions  which 
have  taken  place  over  a  period  of  at  least  thirty 
years.  He  is,  of  course,  known  to  us  as  a  man  who 
eliminates  waves,  referring  to  development  of  his 
b”lbous  bow  which  made  such  an  impact  in  ship 
design.  But  I  also  think  of  him  as  a  wave  maker, 
and  I  think  that  his  effect  on  Japanese  naval  ar¬ 
chitecture  both  in  its  practice  and  in  research  will 
be  propagated  far  into  the  future  through  his  own 
research,  through  his  own  students  working  in 
industry,  and  through  his  students  who  are  now 
teaching.  I  think  there  are  some  ten  of  his  past 
students  who  are  teaching  in  Japanese  universities, 
and  only  when  I  came  to  Japan  four  years  ago  was  I 
able  really  to  appreciate  in  detail  the  important  role 
Professor  Inui  has  played  throughout  Japan. 
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This  is  as  close  as  we  are  going  to  come  to  the 
twenty-fifth  anniversary  of  this  Symposium  because 
it  was  founded  in  1956  and  next  year  is  its  twenty- 
fifth  anniversary':  but  the  next  time  we  meet  will  be 
twenty-six  years;  therefore  on  this  twenty-fourth 
year  perhaps  some  note  should  be  made  of  this 
anniversary.  I  think  it  is  especially  fitting  that  in 
that  time  we’ve  reached  halfway  around  the  world, 
and  our  numbers  are  growing.  I  make  special  note 
of  the  presence  here  of  representatives  from  the 
People’s  Republic  of  China  for  the  first  time  at  this 
Symposium.  And  finally,  I  think  most  of  you  must 
know  that  the  man  who  has  been  primarily 


responsible  for  keeping  this  Symposium  in  progress' 
since  1960— it  was  founded  in  '56— is  Mr.  Ralph 
Cooper  of  the  Office  of  Naval  Research,  who  has 
been  responsible  for  its  organization.  This  is  his 
last  year,  as  most  of  you  know  he  is  retiring,  and  I 
think  note  should  be  made,  and  appreciation 
should  be  paid  to  his  very  important  and  vital  role. 

I  hope — if  I  have  left  anything  out,  that  you  will 
please  express  it  personally  to  our  hosts. 

I  thank  you  very  much. 


Congratulatory  Speech 
By  General  Max  Aucher 

Bassin  d’Essais  des  Carenes 


Ladies  and  Gentlemen.  Dr.  Inui  and  Dr. 
Takahashi,  on  behalf  of  the  ONR  Organizing 
Committee,  asked  myself  to  make  a  short  speech  as 
a  representative  of  the  European  participants  at  the 
Symposium. 

Dr.  Takahashi  justified  his  choice  saying  that 
the  French  language  was  the  most  harmonious  of 
the  world,  and  so  my  speech  could  be  understood 
by  Japanese  ears  perfectly.  I  do  not  know  if  the 
French  is  more  harmonious  than  German, 
Swedish,  or  Dutch,  but  what  I  know  is  that  my 
French  is  the  baddest  of  my  European  colleagues. 
You  can’t  appreciate  it. 

For  us,  European  peoples,  Japan  is  a  marvelous 
and  exotic  country,  and  everybody  had  dreamed  in 
his  youth  or  later  of  dong  touristic  cavort  in  Japan. 
For  many  European  people  who  are  present,  the 
Eleventh  ITTC  Conference  and  the  success  in 
Tokyo  some  fourteen  years  ago  had  been  such  an 
occasion.  Since  our  Symposia  concerning  hydro¬ 
dynamics  or  naval  science  took  place  in  Tokyo,  I 
am  sure  that  all  the  participants  have  got  a  good 
remembrance  of  the  city.  Nevertheless,  for  us, 


European  people  this  staying  in  Tokyo  should  be 
more  pleasant  if  we  could  understand  the  Japanese 
language.  How  much  it  would  be  beneficial  if  we 
were  able  to  appreciate  your  pretty  city,  to  un¬ 
derstand  the  information  on  signs  in  town,  to  know 
the  name  of  the  street  and  to  be  understood  easily 
by  the  taxi  driver. 

Many  ITTC  Technical  Committees  are  profited 
by  the  occasion  of  ONR  Symposium  to  be  added  to 
their  own  meeting  in  Tokyo.  So,  we  have  to  thank 
for  their  hospitalities  and  their  kindness,  Dr.  Sugai 
from  the  Ship  Research  Institute,  Dr.  Murakami 
from  Meguro  Basin,  Dr.  Yamanouchi  from  Mitsui 
Basin,  Dr.  Tamura  from  Mitsubishi  Basin  at 
Nagasaki,  and  Dr.  Kato  from  Tokyo  University. 

Now,  to  conclude,  I  also  add  to  express  our 
grateful  thanks  to  the  member  of  the  ONR 
Organizing  Committee  for  the  manner  they  are 
allotted  the  program  doing  a  pleasant  cocktail  for 
us  to  ease  this  section  and  gastronomy  such  as  this 
buffet  party. 

Thank  you  veiy  much. 


illlliill . Ill . . . . . 


Kagami-Biraki  Ceremony 
By  Prof.  John  V.  Wehausen 

Univ.  of  California 


The  toast  I  would  like  to  propose  is  to  all  the 
young  ship  hydrodynamicists  of  Japan.  I  have  the 
same  feelings  now  as  I  had  four  years  ago  at  the 
International  Seminar  on  Wave  Resistance,  that 


this  is  a  very  impressive  group  of  young  people, 
intelligent,  well-educated  and  enthusiastic.  It 
speaks  well  for  their  teachers  and  for  the  future  of 
Japan.  I  propose  a  toast  to  them. 


Information  about  the  14th  Symposium 
By  Prof.  T.  Francis  Ogilvie 

Univ.  of  Michigan 


I  understand  the  reason  that  Ralph  Cooper  is 
not  here  is  rather  a  typical  reason,  namely  that  he  is 
out  working  trying  to  arrange  transportation  for  a 
lot  of  people.  He  is  always  on  the  job. 

I  have  two  announcements  to  make  about  the 
next  meeting— one  I  make  with  some  trepidation, 
and  the  other  with  complete  pleasure.  The  first  one 
I  make  with  trepidation  is  that  we  have  offered  to 


be  host  at  the  University  of  Michigan  for  the  next 
ONR  Symposium.  Obviously,  this  is  going  to  be  a 
difficult  act  to  follow  in  every  way.  The  second 
thing  is,  and  I’m  sorry  Ralph  Cooper  is  not  here, 
but  after  talking  to  many  many  people  about  this, 
we  have  decided  to  dedicate  the  next  ONR  meeting, 
the  Fourteenth  Symposium  to  Ralph  Cooper  in 
thanks  for  his  many  many  years  of  organizing  these 
meetings  as  well  as  a  lot  of  other  things. 


Closing  Speech 
By  Prof.  Seizo  Motora 

Univ.  of  Tokyo 


I  am  greatly  honoured  to  have  been  asked  to  say 
a  few  words  in  closing  this  party,  on  behalf  of  the 
Society  of  Naval  Architects  of  Japan. 

Let  me  first  express  my  appreciation  to  all  of 
you,  especially  to  those  of  the  Office  of  Naval 
Research,  and  the  National  Academy  of  Science, 


for  your  generous  efforts  in  making  this  ONR 
Symposium  such  a  great  success.  I  am  very  happy 
that  we  were  able  to  hold  the  Symposium  in  Japan 
this  time,  and  firmly  believe  that  the  sessions  have 
proved  to  be  very  fruitful. 

I  would  like  to  thank  you  very  much  for  giving 
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young  researchers  in  Japan  this  great  opportunity 
to  meet  and  speak  with  you  all.  I  am  sure  that  these 
young  people  will  contribute  gieatly  to  the  field  of 
Naval  Hydrodynamics  in  the  future. 

It  is  also  my  hope  that  the  Buffet  Party  this 
evening  has  helped  to  further  mutual  un¬ 
derstanding,  both  academically  and  socially, 
between  all  participants.  I  was  particularly  sur¬ 
prised  to  learn  that  we  had  so  many  musicians  and 
other  talented  performers  among  us.  The  ab¬ 
breviation  “ONR”  this  evening  could  have  stood  for 
“Office  of  Nice  Recreation.” 

Let  me  take  advantage  of  this  opportunity  to 
inform  you  of  future  international  symposia  now 


being  planned  by  the  Society  of  Naval  Architects  of 
Japan. 

One  is  the  2nd  International  Conference  on 
Stability  of  Ships  to  be  held  in  the  autumn  of  1982; 
the  other  is  a  Symposium  on  Practice  Design  in 
Shipbuilding  (known  as  PRADS)  scheduled  fcr  the 
autumn  of  1983.  We  hope  that  many  of  you  will  be 
able  to  participate  in  these  meetings. 

This  time  of  the  year  is  considered  the  best 
season  in  Japan.  I  hope  that  you  will  be  able  to  take 
back  good  memories  of  Japan,  and  that  our  country 
may  be  attractive  enough  for  you  to  come  back 
soon. 

Thank  you  very  much,  and  gooo  night. 
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ABSTRACT 

Three  methods  of  propeller  lifting 
surface  theory  proposed  by  Hanaoka  and 
their  numerical  investigations  performed  by 
the  author  are  shown  and  discussed.  Method 
1  is  devised  to  be  able  to  calculate  the 
unsteady  propeller  lifting  surface  with  a 
rather  small  digital  computer.  Method  2 
employs  the  doublet-lattice  method  frets  the 
view  point  of  wide  applications.  Method  3 
deals  successfully  with  the  difficulty  in 
the  singularity  at  the  blade  tip.  The 
quantitative  evaluation  of  the  numerical 
lifting  surface  theory  is  performed  by  com¬ 
paring  the  results  of  calculations  and  ex¬ 
periments.  Thu  investigation  into  numeri¬ 
cal  results  reveals  the  advantages  and  dis¬ 
advantages  of  the  three  methods  from  the 
practical  point  of  view.  It  is  shown  nu¬ 
merically  and  experimentally  that  Method  3 
yields  the  accurate  solution  near  the  tip 
of  blade. 

NOMENCLATURE 

Propeller 

x,r,9  cylindrical  coordinates 

t  .o  ,u  helical  coordinates  of  control 

point 

helical  coordinates  of  loading 
point 

x-S+x/h,  c=6-x/h,  u=r/h 

2rh  pitch  of  helicoid 

p  mass  density  of  fluid 

V  advance  velocity  of  propeller 

u  angular  velocity  of  propoller 

v  angular  frequency  of  oscillation 

2=IUe1-  lift  density,  or  pressure  jump 

^  y  ♦* 

Y*=Y  s?  e  *■  circulation  density  of 


bound  vortex 

ii0=pW*Yo* 

Y  circulation  density 

t  i 

rd*=Cj  Yd*  dC 
J~  1 
f  1 

T  =ci  Y  d£  circulation  of  blade  section 


w  =  woe 


i  =  $oe- 


upwash  on  lifting  surface 
acceleration  potential 


p  =v/Si  order  of  harmonic  of  inflow  field 
p*=v/fl* 

3/3n,3/3n' normal  derivative  on  the  helical 

surface  at  the  control  and  loading 
points 

Wj  induced  velocity  at  a  blade  by 

steadv  free  vortex 

Vwicos  £I 

wt=  WjSin  tj 

sin  c^l/^l+u2,  cos  £j=y/«/l+uJ 
w  radial  mean  value  of  w 

a  a 

wfc/r  radial  mean  value  of  wfc/r 

v*=v+w  ,  n*=n+w77r,  s7*=v**/I+yT,  h=v*/n* 

rQ  propeller  radius 

r.  boss  radius 

D 

l  number  of  blades 

s  distance  measured  along  the 

helicoid 

S1'T1  position  of  leading  edge 

s2,?2  position  of  trailing  edge 

3=(u-?)/y*,  n'-(u'-5)/y* 


t  s 


u*- (po"“b,'j/2,  v=  ^0+ub^2 
C=(t-tq)A.  5’=<t'-t>>/7’ 

7’=(t’-t’)/2,  T'  =  Ui+t^)/2 


*=(T-T^)/T' 


c'=ji/l+p,;  t'/2  half  chord  length 
c  =h/l+y2  t  /2  halt  chord  length 
5  =2c*/(r0-rb)=/l+u’’  t'/(2p*) 

King 


V 


f 

b 


c  = 


y  ,  z  Cartesian  coordinates  of  control 
point 

v',2'  Cartesian  coordinates  of  loading 
point 

velocity  of  wing 
upwash  on  lifting  surface 
circulation  density- 
half  span 

1^  positions  of  leading  and  trailing 
edges  of  the  blade  element 
including  the  control  point 
lj  positions  of  leading  and  trailing 
edges  of  the  blade  element 
including  the  loading  noint 
■il,-l.)/2,  c'=( ll-l])/2  half  chord 
A  length 


x0=(11+12)/2,  x^=(1*+1^)/2 


c=c'/b,  /.=b/c' 


n=y/b,  r;'=y'/b 

C=(x-x0)/c,  i*=<x’-x^}/c’ ,  p*=(x-x^)/c* 
dc ‘  axl 


y 

t 


Fig. 1.1  Helical  Coordinates 


1.  INTRODUCTION’ 

1.1  .Main  Theme  and  Background 

It  goes  without  saying  that  the  lift¬ 
ing  surface  theory  plays  an  important  role 
in  th<-  hydrodynamic  analysis  of  marine  pro¬ 
pellers.  The  theory  has  been  developed  for 
a  long  time  in  the  field  of  aeronautics. 

K1 1 le  almost  all  of  the  applications  of 
the  theory  aro  to  wings  of  airplanes ,  there 
is  an  old  application  to  screw  propellers 
by  Hondo [ 1 1 .  Ke  can  see  Sparenberg's[2] 
and  Hanaoka'sllJ  contributions  as  pioneers 
in  application  of  the  theory  to  marine  pro¬ 


pellers.  At  present  we  are  going  to  confirm 
numerically  the  quantitative  relation  be¬ 
tween  upwash  distribution  and  loading  dis¬ 
tribution  on  blades  of  propellers  by  the 
theory.  High  speed  computers  make  it  possi¬ 
ble  to  achieve  such  a  complex  calculation. 
There  are  many  studies  in  development  of 
such  calculations [4 ]M 83  • 

It  Is  significant  that  the  form  of  vor¬ 
tex  sheet  is  refined  to  adapt  the  actual 
phenomenon  or  that  the  reasonable  viscous 
coefficient  is  introduced.  In  analysis  of 
lifting  surface  however  much  depends  upon 
numerical  calculation.  For  the  discrepancy 
between  theory  and  experiment,  it  is  diffi¬ 
cult  to  decide  wnich  is  more  dominant  cause: 
analytical  inaccuracies  in  the  numerical 
method,  or  physical  differences  between  the 
idealized  model  and  the  actual  phenomenon. 

So  it  is  an  important  subject  that  numeri¬ 
cal  results  for  hydrodynamic  characteristics 
by  the  lifting  surface  theory  are  estimated 
with  confidence.  The  methods  are  not  satis¬ 
factory  if  their  results  show  some  differ¬ 
ences  with  each  other  even  for  the  existing 
simple  propeller  lifting  surface  model. 
Comparative  calculations  on  pressure  distri¬ 
butions  ci-.  the  propeller  blade  performed  at 
IS th  ITTC  show  that  the  results  obtained  by 
many  methods  are  apart  from  each  other [9]. 
Although  there  is  a  great  variety  of  the 
methods,  the  disagreement  between  the  meth¬ 
ods  raises  a  problem  from  the  practical 
poii  t  of  view.  How  is  the  degree  of  agree¬ 
ment  of  the  results  of  the  numerical  lifting 
surface  theories  ? 

On  the  other  hand  the  lifting  surface 
theory  can  be  applied  to  various  aspects 
such  as  prediction  of  performance,  vibratory 
forces,  cavitation,  etc.,  so  it  is  conven¬ 
ient  that  there  exists  suitable  method  for 
each  aspect. 

In  this  paper,  three  methods,  named 
here  Method  1 ,  Method  2 ,  and  Method  3 ,  of 
propeller  lifting  surface  theory  proposed  by 
Hansoka  and  their  numerical  investigations 
performed  by  the  author,  are  shown  and  dis¬ 
cussed.  Method  1  was  developed  in  an  early 
stage  of  the  study  of  li f ting  surface  theory 
110JM13).  Numerical  prccedure  in  the  meth¬ 
od  is  devised  to  be  able  to  calculate  the 
unsteady  propeller  lifting  surface  with  a 
rather  small  digital  computer.  Kith  the 
current  of  popularization  of  larger  capaci- 
tiec  digital  computers.  Method  2  was  devel¬ 
oped  with  doublet-lattice  method  from  the 
view  point  of  wide  applications [14 ], [15] . 
These  two  methods  don’t  give  converged  solu¬ 
tion  near  the  tip  of  blade,  which  becomes  an 
obstacle  to  the  calculation  of  cavitation. 
Method  3  deals  successfully  with  the  diffi- 
culty[15]--il8J. 

In  chapter  2 ,  the  degree  of  agreement 
between  them  is  revealed,  which  is  consider¬ 
ed  to  show  the  situation  of  accuracy  of  the 
present  lifting  surface  theory.  And  further 
calculated  results  are  compared  with  experi¬ 
ments.  Although  doublet-lattice  method 
employed  by  Method  2  is  easy  to  deform  the 
wake  vortex  sheet  or  to  combine  duct  system, 
the  method  is  employed  frost  the  view  point 


of  study  cf  numerical  accuracy  in  this  paper. 
In  chapter  3,  the  discrepancy  between  the 
three  methods  is  discussed,  which  shows  the 
advantages  and  disadvantages  for  each  method. 
The  disadvantage  of  Method  3  is  to  require 
long  computation  time,  and  the  advantage 
appears  in  the  solution  in  the  region  near 
the  4 rp  of  blade.  So  a  planar  wing  is  used 
for  the  numerical  and  experimental  verifica¬ 
tion  of  Method  3.  In  chapter  4,  the  possi¬ 
bility  of  application  of  the  three  methods 
is  discussed. 


density  of  the  blade  in  the  fluid  motion 
oscillating  with  circular  frequency  ^  ,  the 
expression 

... ^ ‘jVut-VlJf’  e-ip*<l-T>/2„ 

BT.-pU**-  on;  _ 

m30  '  — * 
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1 . 2  Integral  Equation  for  Propeller  Lifting 
Surface 

The  theoretical  model  for  the  propeller 
lifting  surface  used  in  this  paper  should  be 
described  at  first.  The  propeller  with  its 
i-identical  and  symmetrically  spaced  blades 
is  considered  to  operate  in  the  fluid  which 
is  inviscid,  incompressible,  free  of  cavita¬ 
tion  and  infinite  in  extent.  The  blades  of 
the  propeller  are  assumed  to  be  so  thin  that 
they  can  be  replaced  with  bound  vortex 
sheets.  The  disturbed  velocity  induced  by 
the  boss  is  assumed  to  be  neglected.  The 
bound  vortices  and  the  free  vortices  follow¬ 
ing  them  are  distributed  on  the  right  heli¬ 
cal  surface,  which  may  be  called  "a  datum 
plane.”  The  boundary  condition  of  the  flow 
on  the  blade  is  considered  approximately  on 
the  projected  biade  surface  on  the  datum 
plane.  The  pitch  of  the  datum  plane  which  is 
called  hydrodynamic  pitch  2-h,  is  iteratively 
determined  by  considering  the  operating  con¬ 
dition  and  induced  velocity.  The  hydrodynamic 
pitch  does  not  agree  with  the  pitch  of  the 
helical  surface  made  by  the  locus  of  travel¬ 
ling  blade.  In  the  case  of  unsteady  propel¬ 
ler  the  flow  field  is  assumed  to  oscillate 
harmonically  with  circular  frequency  v  . 
Although  the  model  mentioned  above  is  con- 
stracted  by  simplifying  the  actual  phenomena, 
it  contains  the  essential  nature. 

Our  problem  is  to  know  the  hydrodynamic 
characteristics  of  the  propeller  blade  with 
given  geometry,  operating  condition  and  in¬ 
flow  velocity.  The  problem  comes  to  the 
mathematical  problem  of  solving  the  singular 
integral  equation. 

In  the  vortex  theory,  velocity  poten¬ 
tial  for  the  flow  field  mentioned  above  is 
expressed  by  doublet  distribution  of  veloc¬ 
ity  field  on  the  helical  surface.  In 
the  case  of  linear  theory,  the  velocity  po¬ 
tential  is  equal  to  the  expression  ob¬ 
tained  by  the  acceleration  potential  theory, 
which  is  demonstrated  by  HanackapJ.  In  the 
case  of  the  nonlinear  propeller  theory  based 
on  the  assumption  of  constant  hydrodynamic 
pitch  such  as  the  model  dealt  with  in  this 
paper,  it  is  possible  that  the  expression  of 
the  velocity  potential  by  the  vortex  theory 
is  converted  to  the  form  similar  to  the  ex¬ 
pression  bv  the  acceleration  potential  the¬ 
ory  111  J. 

The  normal  differentiation  of  the  ve¬ 
locity  potential  yields  the  upwash  on  the 
blade.  If  v=w»exp(ivt)  denotes  upwash  on 
the  blade,  and  ?i=5*exp(ivt)  denotes  lift 


is  obtainocI14) .  This  is  the  integral  equa¬ 
tion  for  propeller  lifting  surface  usually 
used,  w;  is  the  known  function  given  by 
the  boundary  condition  for  the  propeller 
geometry,  operating  condition,  and  inflow 
velocity.  Complex  amplitude  of  lift  density 
or  complex  amplitude  of  circulation  den¬ 
sity  of  the  bound  vortex  '•  -*  is  unknown  func¬ 
tion  yielding  the  hydrodynamic  characteris¬ 
tics,  where  the  relation 

:s=oK*-,;*  (1.2) 

is  kept[3].  After  the  normal  differentia¬ 
tion,  expression  {1.1)  becomes [ 3] , .17] , 


8-  V  >-i 


J,  v  -ip*  (v-s)  ,■  3  (1+i-  * 3 )  s-sin  (sm) 

G  *  ~ 


,  1  J_  uu’s+sin{3m) 
1+p4  ?S  KJ 


v  ={*-T ' )/2 

R  =/s3+Ui+U,I-2j:p,C0S(S  ) 

m 

s  =S-2mr/l 
m  - 


For  the  case  of  the  linear  theory,  hydro- 
dynamic  pitch  agrees  with  the  pitch  of  the 
helical  surface  made  by  the  locus  of  travel¬ 
ling  blade.  For  this  case,  P*=P  .  Further 
the  expression  Cl.l)  or  (1.3)  with  the  con¬ 
dition  p*=o=0  ,  yields  the  expression  for 
the  steady  propeller  lifting  surface,  when 
v=w.  ,  i:— ,  and  '  — r*  . 

Hanaoka  shows  theoretically  that  the 
singularity  at  the  circular  tip  of  blade  is 
inherent  in  the  kernel  function  of  the  inte¬ 
gral  equation  of  the  existing  lifting  sur¬ 
face  theory  such  as  (1.1), (1.35,  which 
causes  the  non-convergence  of  the  numerical 
solution  near  the  circular  tip  of  blade. 

And  he  proposes  the  treatment  of  the  singu¬ 
larity  by  spanwise  integrating  by  parts  and 
introducing  the  tip  condition l 16 J, {17} . 
Integrating  by  parts  with  respect  to  s'  in 
Cl. 3),  and  introducing  the  tip  condition 


. . . . . . . 


■p_v0,yb 
the  expression 

w0= - £L^[Uoa-M’  [dC'4-r(c-fc*  e_lp*v) 

4-»l+^^ub  J-l  3>i 

a  l  e-l2Pln"/‘'  [  eiP*s  2  (s,u  -p  *)ds 
m=0  3  — ac 

+  — M^f^du-f 

4*!,'l+-T  -  -!-l  m=0 

x  Z (v,u ,p 1 )  T(C)  d5'  (1.5) 

is  obtained,  where 

2  ( s ,  u ,  u ' )  =  ( 1 + y  * )  s  •  s  i  n  ( sro )  X  { s ,  p ,  M 1 ) 

+3{Y(s,t,u*))/Ss, 

3  ( 1+u ' 2 )  /R*=3  (X  ( s , p  ,u  ‘ ) )  /:■-  * . 

(uu'sisin(sm)  )/RJ=3 (Y (s,p ,  -')  )/3u'  , 

T {5')=-dv/dp'MC*dT'/8u'*3:J/3p’)/*.  (1-6) 

1.3  Three  Numerical  Methods 

Three  numerical  methods  for  the  propel¬ 
ler  lifting  surface  are  described  in  this 
section.  The  three  methods  are  called  Meth¬ 
od  1,  Method  2,  and  Method  3  respectively 
in  this  paper.  Method  1  and  Method  2  deal 
with  the  existing  integral  equation  (1.3), 
and  Method  3  deals  with  the  new  integral 
equation  (1.5). 

Numerical  methods  for  solving  the  inte¬ 
gral  equation  for  lifting  surface  are  divid¬ 
ed  into  two  groups,  namely,  mode  function 
method  and  discrete  function  method. 

In  the  mode  function  method,  the  solu¬ 
tion,  or  circulation  density  over  the  lift¬ 
ing  surface  is  expressed  by  series  of  con¬ 
tinuous  functions. 


Ts*  (5,n)  =  )  Bl"J(o)  iH(t) 

N=0  " 


where  5 , denote  chordwise  variable  and 
spanwise  i  radial  )  variable  respectively. 
The  functions  (p)  are  preselected  chord- 

n 

wise  functions  such  as  Birnbaum  series, 

Giauert  series  etc.  The  functions  3  (-) 

are  unknown  spanwise  functions.  One  of  the 
difficulties  of  the  method  is  the  treatment 
of  the  logarithmic  singularity.  There  are 
collocation  method [19] ,  kernel  function 
procedure  120] .  Flax's  method[21],  etc.,  in 
the  group. 

On  the  other  hand,  in  the  discrete 


function  method,  the  lifting  surface  is 
divided  into  small  elements  or  replaced  with 
many  line  segments,  so  that  the  solution  is 
expressed  by  discrete  values  at  finite  points 
distributed  over  the  surface.  It  sterns  that 
number  of  elements  must  be  large  enough  in 
the  method.  There  are  vortex-lattice  method 
122),  doublet-lattice  methodI23),  box  method 
i 24 J  ,  finite  panel  method[25),  etc.,  in  the 
group. 

Method  1  and  Method  3  in  this  paper  be¬ 
long  tc  mode  function  method  group,  and 
Method  2  belorgs  to  discrete  function  method 
group. 

Method  1  may  be  called  series  expansion 
method.  Two-dimensional  integral  equation 
for  lifting  surface  (1.3)  is  converted  into 
simultaneous  one-dimensicnal  integral  equa¬ 
tions,  in  expanding  the  two-variable  inte¬ 
gral  equation  in  power  series  of  one- variable 
by  Taylor's  theorem  and  equating  the  coeffi¬ 
cient  functions  of  successive  powers  to  zero 
[10]*«t13].  Expression  (1.7)  is  used  for  the 
form  of  solution.  The  method  is  equivalent 
to  Flax's  method  on  condition  that  the  mode 
function  is  the  orthogonal  series.  The 
method,  however,  is  distinguished  by  easy 
calculation  of  coefficients  of  simultaneous 
equations  in  comparison  with  Flax's  method. 
The  method  can  deal  with  the  simple  mean 
camber  line  accurately  without  many  chordwise 
control  points  in  contrast  to  the  collocation 
method.  The  method  reduces  the  labour  for 
numerical  integration  along  the  helical  sur¬ 
face  to  the  minimum.  Especially  for  the  case 
of  unsteady  calculation,  the  machine  running 
time  for  the  calculation  is  not  so  long. 

The  detail  of  the  method  is  shown  in  P.ef .  [26  j 
and  the  example  of  the  calculation  is  shown 
in  Ref. [27],  in  which  comparison  is  made  with 
other  methods.  In  Method  1,  it  is  assumed 
that  p*=p  ,  although  the  pitch  of  datum  plane 
does  not  agree  with  the  pitch  of  the  helical 
surface  made  by  the  locus  of  travelling 
blade. 

In  Method  2,  existing  integral  equation 
(1.1)  is  solved  by  the  doublet-lattice  meth¬ 
od.  The  blade  is  divided  into  many  blade 
elements  by  cylindrical  surfaces,  and  each 
blade  element  is  divided  into  many  boxes. 
Surface  distribution  of  doublet  in  the  pres¬ 
sure  field  is  replaced  by  line  doublets  witn 
constant  strength  and  direction  in  every  box 
as  shown  in  Appendix  11 14], [15].  The  chord- 
wise  arrangement  is  determined  by  ban's  meth¬ 
od  [28],  which  is  devised  so  as  to  give  the 
accurate  solution  near  the  leading  edge.  In 
the  method  surface  integral  over  the  blade 
in  equation  (1.1)  is  replaced  by  the  summa¬ 
tion  of  boxes  and  the  line  integral  in  each 
box.  The  line  doublet  with  constant  strength 
and  with  radial  direction  causes  analytical 
racial  integration  in  each  box.  Numerical 
integration  is  only  helical  line  integral 
corresponding  to  the  free  vortex.  Method  2 
is  distinguished  by  the  analytical  radial 
integration. 

In  Method  3  new  integral  equation  Cl. 5) 
which  treats  the  singularity  at  Dlade  tip, 
is  solved  by  a  collocation  method.  Accurate 
solution  near  the  tin  of  blade  characterizes 


Method  SIISIMISJ.  The  numerical  solutions 
of  the  existing  lifting  surface  theories 
standing  on  the  integral  equation  (1.3)  do 
not  converge  at  the  circular  wing  tip  on 
account  of  the  singularity.  The  restriction 
in  the  existing  theories  can  be  removed  by 
using  the  integral  equation  (1.5).  Employ¬ 
ing  the  integral  equation  (1.5) ,  the  range 
of  validity  of  propeller  lifting  surface 
theory  is  extended  to  include  the  tip  of 
blade.  As  shown  in  Appendix  2,  integral 
equation  (1.5)  is  transformed  into  the  form 
suitable  for  numerical  calculation,  and  it 
is  further  converted  into  linear  algebraic 
equations  by  using  the  mode  function  (1.7). 
The  location  of  upwash  points  where  the 
boundary  condition  of  the  lifting  surface 
is  satisfied  are  determined  by  Multhopp's 
collocation  method(19].  New  integral  equa¬ 
tion  (1.5)  is  more  difficult  to  calculate 
generally  than  integral  equation  (1.3). 

The  former  however  includes  weaker  logarith¬ 
mic  singularity,  while  the  logarithmic  sin¬ 
gularity  in  the  latter  becomes  strong  near 
the  edges  of  the  blade. 

2.  QUANTITATIVE  EVALUATION  OF  NUMERICAL 
LIFTING  SURFACE  THEORY 

How  is  the  degree  of  agreement  of  the 
results  of  the  numerical  lifting  surface 
theories  ?  There  is  a  comparative  calcula¬ 
tion  on  planar  lifting  surface(29].  The 
results  show  that  it  is  necessary  to  be 
careful  in  the  evaluation  and  the  applica¬ 


tion  of  the  numerical  method. 

In  this  chapter  the  numerical  results 
of  the  three  methods  for  the  steady  and  un- 
ste^.  propeller  lifting  surface  are  pre¬ 
sentee  and  the  comparison  and  evaluation  of 
them  are  made.  The  methods  are  verified 
experimentally  by  the  measurement  of  pressure 
distribution  on  the  propelxer  blade. 

2.1  Numerical  Calculation 

Numerical  calculations  are  performed 
for  the  propeller  C,  which  is  ITTC  Compara¬ 
tive  Test  propeller  Troost  B4-475[27),  by  the 
three  methods  mentioned  in  previous  section. 
Particulars  and  the  figure  of  the  propeller 
are  shown  in  Table  2.1  and  Fig.  2.1. 

The  local  velocity  variation  in  hull 
wake  about  the  propeller  shaft  at  any  radius 
can  be  thought  of  as  a  sum  of  harmonic  func¬ 
tions  of  blade  position  angle.  For  each 
harmonic  function,  the  integral  equation  is 
set  and  solved.  The  nominal  axial  and  tan¬ 
gential  wake  field  for  a  Series  60  Cb=0.60 
is  used  for  the  calculation  in  the  same  way 
?s  ITTC  Comparative  Calculation.  The  har¬ 
monic  coefficients  are  shown  in  Table  2.2. 

The  value  in  the  table  is  defined  by  the 
ratio  of  inflow  velocity  to  propeller  ad¬ 
vance  velocity.  The  asymmetrical  components 
included  in  the  measurement  of  wake  field 
are  also  considered  in  the  calculation, 
although  the  components  are  omitted  in  the 
table  because  of  smallness. 

The  number  of  spanvise  control  points  N  , 


Table  2.1  Particulars  of 
Propeller  C 

BOSS  RATIO  0.167 

PITCH  R-iTIO  1.025  at  blade  tip 
(increase) 
EXP.  AREA  RATIO  0.475 

BLADE  THICKNESS  R.  0.045 

NUMBER  OF  BLADES  4 

BLADE  SECTION  Troost  Type  B 


Table  2.2  Components  of  Wake  Harmonics 
axial  component 


Table  2.3  Number  of 
Control  Points 


nr 

NC 

Method  1 

7 

4 

Method  2 

7 

5 

Method  2 

15 

10 

Method  3 

7 

4 

* 

O 

(1 

0.199 

0.289 

0.424 

0.584 

0.743  0.878 

0.968 

p=0 

-0.567 

-0.420 

-0,203 

0.021 

0.101  0.123 

0.134 

1 

-0.238 

-0.263 

-0.307 

-0.331 

-0.280  -0.253 

-0.248 

2 

0.052 

-0.004 

-0.082 

-0.148 

-0.156  -0.143 

-0.146 

3 

0.045 

0.031 

0.010 

-0.029 

-0.070  -0.076 

-0,077 

4 

0.022 

0.041 

0.037 

-0.004 

-0.027  -0.031 

-0.035 

5 

-0.062 

-0.049 

-0.039 

-0.020 

-0.015  -0.020 

-0.022 

tangential  component 

II 

O 

U 

\ 

u 

0.199 

0.289 

0.424 

0.584 

0.743  0.878 

0.968 

p=0 

0. 

0. 

0. 

0. 

0.  0. 

0. 

l 

0.010 

-0.033 

-0.100 

-0.163 

-0.174  -0.170 

-0.164 

2 

0.008 

0.014 

0.009 

-0.018 

-0.050  -0.060 

-0.064 

3 

0.016 

0.018 

0.016 

0.008 

-0.009  -0.017 

-0.022 

4 

0.041 

0.023 

0.007 

0.004 

-0.000  -0.006 

-0.008 

propeller  C 


Fig. 2.1  Outlines  of 
the  Blade 


and  the  number  of  chordwise  control  points 
or  the  number  of  terms  of  mode  function 

(=R+l)in  the  numerical  calculation  are  shown 
in  Table  2.3.  The  advance  coefficient  for 
steady  calculation  is  determined  by  the  mean 
advance  velocity  of  the  propeller,  J=0.645. 
The  hydrodynamic  pitch  in  the  three  methods 
are  kept  equal  for  the  base  of  comparison. 

It  is  determined  by  the  iterative  calcula¬ 
tion  by  Method  1,  h=0.298rg. 

Results  of  the  steady  calculations  for 
the  propeller  in  uniform  flow  are  exhibited 
in  Figs. 2. 2, 2. 3  .  Fig. 2. 2  shows  the  radial 
distribution  of  circulation  of  blade  sec¬ 
tion  T  .  Fig. 2. 3  shows  the  chordwise  dis¬ 
tribution  of  circulation  density  y  .  Hydro- 
dynamic  characteristics  of  the  propeller  in 
the  hull  wake  are  obtained  by  calculating 
all  wake  harmonics.  Results  for  the  case 
of  low  frequency  fluid  oscillation  p=l  are 
shown  in  Figs. 2. 4, 2. 5  .  Results  for  high 
frequency  p=5  are  shown  in 
Figs. 2. 6 ,2. 7  .  Fig. 2. 4  and 
Fig. 2. 6  show  the  radial  dis¬ 
tribution  of  the  complex 
amplitude  of  circulation  of 
bound  vortex  of  blade  sec¬ 
tion  To*  .  Fig. 2. 5  and  Fig. 

2.7  show  the  chordwise  dis¬ 
tribution  of  the  complex 
amplitude  of  circulation 
density  of  bound  vortex  ye*  . 

In  the  first  place  it 
is  clear  from  the  figures 
for  both  steady  and  unsteady 
calculations  that  satisfac¬ 
tory  agreement  between  the 
three  methods  in  circulation 
density  as  well  as  the  cir¬ 
culation  of  blade  section  is 


Nr  Nc 

—  Method  3  (MFM)  7  4 

—  Method  !  (MFM)  7  4 
*  Method  2  (OLM)  7  5 
o  Method  2(0LM)  IE  10 


obtained  with  a  few  exceptions.  We  can  e- 
valuate  the  three  numerical  lifting  surface 
theories  by  the  reliability  shown  in  the  re¬ 
sults. 

Logarithmic  singularity  appears  in  the 
spanwise  integral  in  the  mode  function  meth¬ 
od,  and  it  becomes  strong  in  the  existing 
method  when  the  control  point  is  located 
near  the  edge  or  tip  of  the  blade  in  order 
to  increase  the  control  points.  In  this 
case  calculations  are  apt  to  be  inaccurate. 
So  the  proper  treatment  of  the  singularity 
is  necessary.  The  treatment  is  performed  in 
Method  1  though  the  problem  in  the  method  is 
not  so  severe  because  the  control  point  is 
at  midchord.  The  logarithmic  singularity  in 
the  kernel  function  of  the  integral  equation 
(1.5)  in  Method  3  is  weaker  than  that  of 
existing  integral  equation  (1.3)  as  shown  in 
Appendix  2.  So  in  Method  3  the  logarithmic 
correction  is  not  treated.  In  Method  2  it 


Nr  Nc  i ;  r. 
Method  3 (MFM)  7  4  0.968 
Method  1  (Mr M )  7  4  0968 
Method 2 (OLM)  7  5  0917 
Method  2(0LM)  '5  10  0960 
Method  2(DtM )  15  10  0906 


Nr  Nc  r  /  r. 
Method  3 (MFM)  7  4  0743 


Nr  Nc  r/  r. 

-  Method  3{MFM)  7  4  0878 

- Method  1  (MFM)  7  4  0878 


L£. 


T£. 


Nr  Nc  r  /  r. 


l£. 


T.E. 


Fig. 2. 2  Radial  Distribution 
of  Circulation  of 
Blade  Section  (p=0) 


Fig. 2. 3  Chordwise  Distribution  of  Circulation  Density 

(p=0) 
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necessary  to  treat  the  singularity 
and  it  is  said  that  increase  of  the  control 
points  tends  to  convergence,  in  this  case 
the  location  of  the  control  points  and  load¬ 
ing  points  is  important.  In  this  oaDer 
calculations  for  two  arrangements  of  lat¬ 
tice  Nr*nc=7*5  and  15*10  1 

o.n  Method  2  are  performed 
m  order  to  confirm  the 


lation  of  blade  section.  The  cause  of  the 
i?  the  diffe^ent  hydrodynamic 
fc^at  ls'  P*=P  is  assumed  in  Method 
and  p*?*p  m  the  other  methods [18] 

ResJllts  of  the  circulation  oj  blade 
-ection  by  Method  2  agree  with  those  by 


convergence  cf  the  solu¬ 
tion.  Agreement  of  the 
circulation  of  blade  sec¬ 
tion  or  circulation  den¬ 
sity  between  two  arrange¬ 
ments  is  good  for  both 
steady  and  unsteady  cal¬ 
culations  as  shown  in  the 
figures,  which  shows  the 
good  convergence  of  the 
method. 

Next  let  us  observe 
the  notable  discrepancies 
between  the  methods  in 
detail. 

For  the  case  of 
large  p  (Figs. 2. 6, 2. 7) 
the  results  by  Method  1 
show  obvious  difference 
from  those  by  Method  2  or 
Method  3.  The  discrepancy 
in  amplitude  and  phase  of 
circulation  density  in 
aft  part  of  the  chord  ap¬ 
pears  clearly.  It  causes 
the  discrepancy  in  circu¬ 


Ns  fe  r  /  r. 


1 


Fig. 2. 4  Radial  Distribution 
of  Circulation  of 
Bound  Vortex  of 
Blade  Section  (p=l) 


N»  Nc  ih, 

X  -  Method  3  (MFM)  7  4  0743 


Fig. 2.5  Chordwise  Distribution 
of  Bound  Vortex  y0*  /v 


Nft  Nc  r/  r* 


of  circulation  Density 
<P=D 
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Method  3  for  both  steady  and  unsteady  calcu- 
lations(Figs.2.2,2.4,2.6)  .  However  the 
agreement  of  the  circulation  density  between 
Method  2  and  Method  3  is  unsatisfactory  for 
the  steady  calculation,  although  it  is  sat¬ 
isfactory  for  the  unsteady  calculation (Figs. 
2. 3,2. 5, 2. 7) .  This  will 
be  discussed  in  the  fol¬ 
lowing  chapter. 

Circulation  density 

near  the  tip  of  blade  (  I 

r/r0*0.968)  by  Method  1  f  1 

or  Method  2,  does  not  J 

agree  with  that  by  i 

Method  3  for  both  steady  * 

and  unsteady  calcula-  „  !■  ° 

tions(Figs.2.3,2.5,2.7) .  ?  \\  + 

The  discrepancy  is  \  \\ 

caused  by  the  different  £  \ 

integral  equations (1.3)  V 

and  (1.5)  The  circu-  VV 

lation  density  near  the 


tip  of  blade  by  Method  3  is  considered  to  be 
accurate  by  reason  that  Method  3  uses  the 
integral  equation (1.5)  treating  the  singu¬ 
larity  at  the  tip  of  blade.  The  reason  will 
be  discussed  in  the  following  chapter. 


Method  3  (MFM)  7  4  0368 
Method  1  (MFM)  7  4  0.S6B 
Method 2 (DIM)  7  5  0917 
Method  2  {DLM )  15  10  0360 
Method  2{DLM)  15  10  0906 


!o4 


-  Method  3 (MFM)  7  4  0878 

- Method  1  (MFM)  7  4  0-878 

X  Method  2 (DLM)  7  5  0.806 

o  Method 2 (DLM)  15  10  0852 

4  Method 2(D1M>  IS  10  0799 


f  0  0r^ 


•  x'l'V 
\ 


.  4  0001  r 
V  1 


-  Method  3  (MFM)  7  4 

- Method  1  (MFM)  7  4 

x  Method 2 (DLM)  7  5 

o  Method  2(0LM)  15  10 


-  Method  3(>#M)  7  4  0  743 

- Method  1  (MFM)  7  4  0743 

X  Method  2  (DLM)  7  5  0695 

o  Method  2 (DLM)  15  10  0745 

+  Method  2  (DLM )  15  10  0691 


-  Method  3(MFM)  7  4  0584 

- Method  1  (MFM)  7  4  0584 

X  Method  2  (DLM)  7  5  0584 

o  Method  2 (DLM)  15  10  0584 


Fig. 2. 6  Radial  Distribution 
of  Circulation  of 
Bound  Vortex  of 
Blade  Section  (p=5) 


Fig. 2.7  Chordwise  Distribution  of  Circulation  Density 
of  Bound  Vortex  y s*  /V  (p=5) 


2.2  Comparison  with  Experiment 

As  there  are  some  papers  showing  the 
correlation  of  the  macroscopic  hydrodynamic 
forces  such  as  thrust  and  torque  between 
numerical  lifting  surface  theory  and  experi¬ 
ment  [4] , [5] ,  [7] , [8] ,  in  this  paper  micro¬ 
scopic  value  such  as  pressure  or  lift  density 
on  the  blade  of  a  mouei  propeller  is  used  for 
the  comparison  between  theory  and  experiment. 
Particulars  of  the  model  propeller  used  for 
the  measurement  are  shown  in  Table  2.4.  The 
measurements  of  pressure  distributions  over 
the  blade  was  carried  out  using  very  small 
pressure  gauges  made  of  semi-conductor. 
Characteristics  of  the  gauges  are  shown  in 
Table  2.5.  Five  pressure  gauges  are  mounted 
at  0.77rg  on  the  blade.  Chordwise  positions 

of  the  gauges  are  every  20%  of  the  chord  on 
the  back  and  40%  on  the  face.  The  experi¬ 
ment  was  performed  in  the  cavitation  tunnel. 
The  detail  of  the  model  propeller  and  the 
measuring  system  is  shown  in  Ref. [30] . 

The  results  of  the  measurement  of  pres¬ 
sure  distribution  on  the  propeller  operat¬ 
ing  in  uniform  flow  are  shown  in  Fig. 2. 8. 

The  theoretical  value  is  obtained  by  thick- 
airfoil  theory  for  the  equivalent  airfoil 
section  whose  mean  camber  line  is  deformed 
so  that  the  loading  distribution  corresponds 
to  that  obtained  by  propeller  lifting  sur- 
faceI4].  Method  1  is  used  for  the  calcula¬ 
tion  of  the  lifting  surface.  The  reduction 
factor  (k=0 .882)  of  the  circulation  which 
corresponds  to  that  of  lift  curve  slope,  is 
taken  into  account  for  the  calculation.  The 
fluctuation  of  lift  density,  that  is,  pressure 
jump,  at  40%  chord  position  of  the  propeller 
operating  in  non-uniform  flow  is  shown  in 
Fig. 2. 9.  In  this  case,  mesh  screen  was  used 
to  reproduce  the  wake  distribution. 

Fig. 2. 8  and  Fig. 2. 9  show  that  the 
agreement  between  theory  and  experiment  is 
satisfactory. 

In  order  to  refine  further  the  correla¬ 


tion  between  theory  and  experiment,  it  is 
considered  to  be  necessary  to  improve  the 
theoretical  method  such  as  wake  model  or 
more  reasonable  viscous  correction  as  well 
as  the  measuring  technique. 


Fig. 2. 8  Pressure  Distribution  over  the  Blade 
(  r/r0=0.77  ) 


Table  2.4  Particulars  of  the  Test  Propeller 


DIAMETER  (m) 

0.250 

BOSS  RATIO 

0.180 

PITCH  RATIO 

1.264  at  0.7ro 

EXP.  AREA  RATIO 

0.800 

BLADE  THICKNESS  RATIO 

0.050 

ANGLE  OF  RAKE 

7.5° 

NUMBER  OF  BLADES 

6 

BLADE  SECTION 

SRI-a 

Table  2.5  Characteristics  of 

Pressure  Gauge 

Range 

kg/cm 

1 

Sensitivity 

mV/Vf .s. 

33 

Non-linearlity 

%f  .s. 

0.8 

Hysteresis 

%f  .s. 

0.8 

Zero-shift 

%f .s./l°c 

0.1 

Sensitivity  shift 

%f .s./l°c 

-0.3 

Impedance 

kft 

1 

Natural  frequency 

kHz 

100 

Allowable  temperature  °c 

0-40 

-  Calculated  —  Experiment  ns  10.8  rps 


I - J _ i _ 1 _ 1 _ 1 _ I 

0  60  120  180  2*0  300  360 

BOTTOM  8deg. 


Fig. 2. 9  Fluctuation  of  Lift  Density 
{  r/r0=0.77,  £=-0.2  } 
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3.  INVESTIGATION  INTO  NUMERICAL  LIFTING 
SURFACE  THEORY 


In  the  preceding  chapter  the  numerical 
lifting  surface  theories  were  evaluated 
quantitatively  by  numerical  calculations  and 
experiments.  Although  circulation  density 
obtained  is  considered  to  be  accurate  over 
the  almost  whole  of  the  blade,  discrepancy 
in  the  value  between  three  methods  appears 
in  some  chordwise  distribution  or  in  the 
region  near  the  tip  of  blade.  Further  in¬ 
vestigation  is  necessary  to  judge  the  dis¬ 
crepancy,  which  is  discussed  in  this 
chapter. 

3.1  Chordwise  Distribution  of  Circulation 
Density  Especially  near  the  Leading  Edge 

Although  the  agreement  of  circulation 
density  between  three  methods  is  almost  good 
for  the  unsteady  calculations,  the  circula¬ 
tion  density  obtained  by  Method  2  has  a 
tendency  to  be  a  little  small  around  20% 
chord  position  comparing  to  other  methods 
(  Figs. 2. 5, 2. 7  ).  In  steady  calculation 
there  are  some  regions  where  circulation 
density  by  Method  2  does  not  show  good  agree¬ 
ment  with  the  other  methods  (  Fig. 2. 3  ). 

This  is  because  the  upwash  in  steady  propel¬ 
lers  is  determined  by  interpolating  the 
dimensions  of  blade  section  given  in  the 
table.  As  the  locations  of  upwash  points 
are  different  in  the  three  methods,  the 
distributions  of  upwash  in  the  three  methods 


nR  NC  r/r0 

-  Method  1  7  4  0.878 

-  Method  1  7  4  0.878 


Fig. 3.1  Upwash  Distribution  over  the 

Blade  of  Propeller  C  in  Steady 
Condition 


nr  nc  r/ro 

- Method  1  7  4  0.878 

- Method  1  7  4  0.878 


oo1 


(modified  upwash 
distribution) 

X  Method  2  7  5  0.806 


I 


i _ i _ i 


-10  00  10 

LE.  5  TE. 


Fig. 3. 2  Chordwise  Distribution  of  Circula¬ 
tion  Density  for  Propeller  C  in 
Steady  Condition  (  p=0  ) 


are  slightly  different  with  oi._  another. 

Upwash  distributions  used  in  the  steady 
calculation  in  section  2.1  and  new  upwash 
distribution  "Method  1  (  modified  upwash 
distribution  ) "  are  shown  in  Fig. 3.1.  The 
new  upwash  distribution  indicated  by  the 
dot-dash-line  fits  on  the  distribution  used 
for  Method  2  in  fore  half  of  the  chord.  Fig. 

3.2  shows  the  results  of  calculation  for  the 
new  upwash  distribution.  Agreement  of  the 
new  comparison  between  "Method  1  (  modified 
upwash  distribution  ) "  and  Method  2  becomes 
good  in  fore  and  middle  parts  of  the  chord 
and  becomes  bad  in  aft,  in  contrast  to  the 
previous  comparison  between  Method  1  and 
Method  2.  The  upwash  distribution  closely 
following  the  geometry  is  sometimes  uneven 
which  causes  the  uneven  chordwise  distribu¬ 
tion  of  circulation  density  such  as  the 
results  obtained  by  Method  2.  This  means 
that  four  terms  of  mode  functions  are  not 
always  sufficienc. 

3.2  Circulation  Density  near  the  Tip 

Discrepancy  of  circulation  density  near 
the  tip  of  blade  r/rQTO.968  between  Method  3 

using  the  new  integral  equation(1.5)  and 
Methods  1,2  using  the  existing  integral 
equation (1.3)  can  be  seen  for  both  steady 
calculation  (  Fig. 2. 3  )  and  unsteady  calcu¬ 
lation  (  Figs. 2 .5 ,2 . 7  ).  Another  example 
including  the  shortcoming  of  the  existing 
integral  equation  is  shown  in  the  following. 

Propeller  B  has  blades  with  low  aspect 
ratio  as  shown  in  Table  3.1  and  Fig. 3. 3  . 

For  such  a  propeller  the  problem  in  the  sin¬ 
gularity  at  the  blade  tip  becomes  severe  and 
it  affects  the  solution  in  slightly  inner 
region.  This  is  shown  in  Fig. 3. 4,  in  which 
three  results  by  Method  1,  Method  3,  and 
Sugai's  method [4]  are  compared.  Sugai's 
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Fig. 3. 3  Expanded  Outline  of  the  Blade 


Nr  Nc 


Method  3  7  4 


0.5 

0.0 


L.E.  S  T.E. 


Fig. 3. 4  Chordwise  Distribution  cf  Circula¬ 
tion  Density  for  Propeller  B  in 
Steady  Condition  (  p=0  ,  J=0.819  ) 


Table  3.1  Particulars  of  Propeller  B 


BOSS  RATIO 
PITCH  RATIO 

EXP.  AREA  RATIO 
ANGLE  OF  RAKE 
NUMBER  OF  BLADES 


0.307 

1.201  at  0.7rQ 
(increase) 
0.598 
0° 
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method  employs  the  existing  integral  equa¬ 
tion  (1.3)  and  Multhopp’s  collocation  method 
[19].  Number  of  control  points  is  NR*Nr= 

11*7  .  Fig. 3.4  exhibits  that  the  solution 
by  Method  1  or  Sugai 1 s  method  does  not  agree 
with  that  by  Method  3  even  at  r/rg=0.899  . 

In  proposing  Method  3 ,  Hanaoka  demon¬ 
strates  theoretically  that  the  accurate 
numerical  solution  near  the  circular  tip  of 
blade  is  not  yielded  by  the  existing  inte¬ 
gral  equation (1. 3)  but  by  the  new  integral 
equation (1.5)  [16], [17).  This  is  shown 
numerically  and  experimentally  in  the 
following  sections,  in  which  the  planar 
wing  is  used  instead  of  the  propeller  blade 
for  convenience. 

3.3  Numerical  Calculation  of  the  Circular 
Planar  Wing 

Propeller  lifting  surface  is  not  dif¬ 
ferent  essentially  with  planar  lifting  sur¬ 
face.  In  this  section  it  is  shown  for  the 
case  of  steady  circular  planar  wing  without 
camber  that  the  new  integral  equation  which 
is  the  same  kind  as  that  used  in  Method  3, 
yields  the  converged  numerical  solution 
near  the  wing  tip,  and  that  the  agreement 
between  the  numerical  solution  and  the 
analytical  solution  is  good. 

The  existing  integral  equai-ion  for 
steady  planar  lifting  surface  is  expressed 
as 


x{l+- 


•'(e*-C,)l+Xl(n-n')* 


}d5'  (3.1) 


The  expression  corresponds  to  the  integral 
equation (1.3)  for  propellers.  Hanaoka  treats 
the  singularity  at  the  wing  tip  in  the 
integral  equation (3. 1) ,  and  presents  the 
new  integral  equation  expressed  as [16], 


1  r  1  f 
W  ='4¥Ljdn’ 


13(cY)/3n' 
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The  expression  corresponds  to  the  integral 
equation (1.5)  used  in  Method  3  for  propel¬ 
lers. 

Results  of  the  numerical  calculation 
for  a  circular  planar  wing  at  unit  angle  of 
attack  (a=l  rad.)  are  exhibited  in  Fig. 3.5 

[31).  (n)  denotes  the  coefficient  of 

mode  function  defined  by 

Jo  ABN)(n)'AN(^)  ,  0.3) 
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where  V  is  velocity  of 
wing  and  1^(5)  is  Birn- 

baum  series,  m  and  m' 
denote  the  number  of 
spanwise  control  points 
and  integral  points 
respectively.  In  Fig. 
3.5,  two  kinds  of  cal¬ 
culation  methods  are 
shown,  that  is,  the 
present  method  and  the 
existing  method [32). 

The  present  method  deals 
with  the  new  integral 
equation (3. 2) ,  and  the 
existing  method  deals 
with  the  integral  equa- 
tion (3.1) .  The  latter 
method  is  a  little  dif¬ 
ferent  from  Multhopp's 
collocation  method,  but 
its  numerical  results 
are  almost  the  same  as 
that  by  Kulthopp's 
method [32).  Fig. 3. 5 
exhibits  that  the  former 
(new  integral  equation) 
shows  good  convergence 
with  increasing 
number  of  spanwise  con¬ 
trol  points,  and  that 
the  latter (existing 
integral  equation)  does 
not  show  the  convergence 
near  the  tip  of  blade. 
Calculation  for  the 
circular  planar  wing  by 
Method  1  also  shows  the 
similar  tendency  as  the 
latter  results  ir.  Fig. 
3.5 [33) . 

Figs . 3 . 6 , 3 . 7  show 
the  comparison  with  the 
analytical  results. 

Fig. 3. 6  exhibits  the 
spanwise  distribution 
of  lift  coefficient, 
which  shows  that  results 
of  both  the  present 
method  using  equation ( 
3.2)  and  Multhopp's 
method  using  equation ( 
3.1)  agree  with  analyt¬ 
ical  value[34).  Fig. 3. 

7  shows  the  comparison 
of  chordwise  distribu- 


Fig.3.5  Coefficients  of  Birnbaum  Series 
(  Circular  Planar  Wing  ) 


near  wing  Tip  (n=0.980) 


Fig. 3.9  Arrangement  for  the  Wind 
Tunnel  Testing 
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Fig. 3.10  Pressure  Jump  Distribution 
over  Wing  No.l(a=5°) 
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Fig. 3.11  Pressure  Distribution  over 
Wing  No.l  (a=5°) 


Fig. 3. 12  Pressure  Distribution  over 
Wing  No.l  (a=0°) 


An  example  of  the  comparison  of  lift 
density  between  theory  and  experiment  is 
shown  in  Fig. 3. 10.  The  values  by  experi¬ 
ment  are  obtained  from  the  pressure  distri¬ 
bution  on  Wing  No.l  at  5°  angle  of  attack. 
Theoretical  result  by  Multhopp’s  method 
using  the  integral  equation  (3.1)  does  not 
show  good  agreement  with  experiment  near 
the  tip  of  wing  unlike  near  the  center  of 
wing.  On  the  other  hand  the  theoretical 
result  by  the  present  method  using  the  new 
integral  equation  (3.2)  shows  good  agree¬ 
ment  with  experiment  even  near  the  tip  of 
wing.  The  same  tendency  of  the  lift  den¬ 
sity  is  obtained  for  the  other  wings.  The 
results  of  the  experiment  reveals  that  re¬ 
sults  by  the  method  using  the  new  integral 
equation (3. 2)  are  accurate  even  near  the 
wing  tip  in  contrast  to  the  methods  using 
the  existing  integral  equation (3.1) . 

Pressure  distribution  on  Wing  No.l 
at  ct=5°  angle  of  attack  is  shown  in  Fig. 
3.11.  Theoretical  result  is  obtained  by 
using  the  new  integral  equation  (3.2)  and 
the  equivalent  wing  section  as  mentioned  in 
section  2.2.  Agreement  between  theory  and 
experiment  is  not  good  near  the  tip.  Fig. 
3.12  shows  the  pressure  distribution  on 
Wing  No.l  at  a=06  angle  of  attack.  The 
agreement  between  theory  and  experiment  is 
good  near  the  center  of  wing  and  is  not 
good  near  the  tip,  which  shows  that  three 
dimensional  effect  by  thickness  distribu¬ 
tion  is  large  near  the  tip  of  blade.  The 
three  dimensional  effect  can  explain  the 
disagreement  of  pressure  distribution  near 


-26- 


the  tip  in  Fig. 3. 11.  The  effect  is  variable 
according  to  the  thickness  distribution 
such  as  Wing  No. 1,2, 3  unlike  lift  density. 
Result  of  the  experiment  show  that  the  ef¬ 
fect  is  smaller  for  the  thin  wing  su<~n  as 
Wing  No. 3  or  for  the  wing  whose  spanwise 
distribution  of  maximum  thickness  is  not 
swept  such  as  Wing  No. 2. 

4.  APPLICATION 

The  application  of  the  propeller  lift¬ 
ing  surface  theory  is  divided  into  three 
steps,  namely,  theory,  r.umeri  *al  calcula¬ 
tion,  and  propeller  design.  It  is  consid¬ 
ered  that  main  subject  in  the  present  situ¬ 
ation  is  to  establish  the  accurate  calcula¬ 
tion  program  with  reliable  numerical  proce¬ 
dure.  It  is  necessary  to  know  sufficiently 
the  accuracy  and  limitations  of  the  calcu¬ 
lation  procedure,  when  it  is  used.  From 
this  point  of  view,  discussions  in  preced¬ 
ing  sections  were  developed.  As  the  results, 
advantages  and  disadvantages  of  the  three 
methods  became  clear,  which  show  the  di¬ 
rection  of  their  applications. 

Method  1  yields  valid  circulation  den¬ 
sity  in  wide  range  except  near  the  tip  and 
yields  valid  circulation  of  blade  section 
in  all  range  for  the  usual  broad  bladed 
propeller.  The  method  is  useful  for  the 
calculation  of  propeller  forces.  However 
the  effect  of  p*j<p  should  not  be  neglected 
in  the  calculation  of  unsteady  propeller 
forces.  Method  2  gives  the  converged  chord- 
wise  distribution  of  circulation  density.  It 
is  supposed  to  give  the  accurate  solution 
near  the  leading  edge  and  to  be  useful  for 
the  calculation  of  cavitation.  Method  3 
yields  the  accurate  solutions  for  the  cir¬ 
culation  density  near  the  blade  tip  as  well, 
even  though  the  blades  are  highly  broad. 

The  method  is  considered  to  be  useful  for 
the  calculation  of  cavitation. 

There  are  many  possibilities  of  appli¬ 
cation  of  the  propeller  lifting  surface 
theory  to  the  propeller  design.  The  follow¬ 
ing  are  some  examples  of  the  application 
method  to  be  employed  in  the  design  proce¬ 
dure.  The  blade  outline  is  adjusted  accord¬ 
ing  to  the  inflow  variation  of  hull  wake 
from  the  view  point  of  vibratory  propeller 
forces,  when  Method  1  is  useful.  If  blade 
outline  is  given,  the  relation  between  up- 
wash  and  loading  is  controled  by  the  lift¬ 
ing  surface  theory.  If  the  pitch  of  the 
helical  surface  is  assumed  to  fix,  sin¬ 
gle  calculation  of  the  matrix  of  coeffi¬ 
cients  corresponding  to  the  integral  equa¬ 
tion,  makes  it  possible  to  obtain  upwash 
distribution  by  the  loading  distribution 
and  to  obtain  loacing  distribution  by  the 
upwash  distribution  with  ease.  In  this 
case.  Method  2  or  Method  3  can  control  ac¬ 
curately  the  pitch  correction  or  camber 
correction  in  the  design  method,  from  the 
cavitation  point  of  view. 

5.  CONCLUSIONS 

3y  comparing  the  three  numerical  meth¬ 


ods,  the  lifting  surface  theory  was  dis¬ 
cussed  from  the  view  point  of  application 
to  marine  propellers.  The  conclusions  are 
as  follows. 

(1)  Results  of  numerical  calculations  by 
the  three  methods  for  the  same  hydro- 
dynamic  model  show  good  agreement  with 
each  other  except  some  regions.  The 
agreement  between  numerical  result  and 
experiment  is  satisfactory.  As  the 
results  the  evaluation  of  the  theory 
becomes  clear. 

(2)  The  advantage  and  disadvantage  of  the 
three  methods  become  clear  by  the  in¬ 
vestigation  into  the  numerical  results 
by  the  methods.  Method  1,  Method  2,  and 
Method  3  are  useful  for  the  calculation 
of  propeller  forces,  detailed  chordwise 
distribution  of  circulation  density,  and 
circulation  density  near  the  tip  of 
blade  respectively. 

(3)  It  is  verified  numerically  and  experi¬ 
mentally  for  the  case  of  a  planar  wir.c, 
that  ,  ethod  3  yields  the  accurate  solu¬ 
tion  near  the  tip  of  wing. 

(4)  The  possibility  of  application  of  the 
three  methods  to  some  aspects  is  shewn. 
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APPEKDIX  1  Outline  of  Method  2  {  Doublet- 
Lattice  Method  ) 

Integral  equation  (1-1)  in  the  sain 
body  can  be  expressed  as 
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where  the  variable  ~  in  the  operator  3/3n 
in  (1.1)  is  replaced  by  the  variable  T  in 
the  operator  3/3n  in  (Al.l). 

Lifting  surface  expressed  by  the  sur¬ 
face  distribution  of  doublet  in  pressure 
field  as  shown  in  (A1.2)  is  replaced  by  the 
discrete  distribution  of  line  doublet  on 
lattice.  The  blade  is  divided  into  blade 

elements  by  cylindrical  surfaces.  The  blade 
element  is  further  divided  into  boxes  by 

radius  vectors  from  the  center  of  curvature 
of  the  helix.  Line  doublet  with  constant 
moment  in  pressure  field  is  set  on  a  radius 
vector  in  the  box,  and  the  control  point  for 
upwash  is  set  on  the  center  of  boundary  line 
between  boxes  as  shown  in  Fig.Ai.  Arrange¬ 
ment  of  the  blade  elements  and  boxes  is 
determined  agreeably  to  Kough's(37]  and 
ban's  128)  proposal  which  is  shown  in  Figs. 

A2  and  A3.  Kutta's  condition  is  satisfied 
owing  to  the  boundary  condition  at  the 
trailing  edge  control  points. 

As  the  relation  between  moment  of  the 
doublet  and  circulation  density  of  bound 
vortex  is  given  by  equation (1.2) ,  surface 
distribution  cf  \r*  in  a  box  can  be  replaced 

by  the  equivalent  vortex  line  f  as 


where  X(v,u,y*)  and  Y(v,y,y*)  are  defined  ii- 

(1.6). 

Finally  the  integral  equation  is  trans¬ 
formed  to  the  linear  algebraic  equations 
written  as 


i  I 

k=l  j=l 


(A1.8) 


gu3_  1  1?1_~i2t 


ss/t 


-ip* (v-s) 


*s-sin(s_) (X"+1(s)-X£(s) }ds 


[  "e-1*5*  (v-s5  (y®  (3)  — y®  (s)  }ds 

^l+ul  k+l  k 

+  --1 .  (Y®.  (v)-Y®(v)>  )  (A1.9) 

/l+u| 


x£{s)=X(s,Us,lik)  ,  Y“(s)=Y(s,Ug,Uk)  (A1.10) 


iAs'sCf^'Y,  T 


:Ys*  a£s* 


(A1.3) 


Then  acceleration  u(~ ,>-}=3« */3n!  ,  is 

expressed  as  * ~ 


Khen  uk<iig<Uj._j_^  and  v>P,  the  integrand  of 

(A1.9)  shows  higher  order  singularity,  which 
is  treated  in  the  sense  of  Hsdasard's  finite 
part  of  an  infinite  integral (143  - 


SR  UC 


U(-,U)  =£  >  Yi>  U-,  (T-T-.i:) 

k=l  j=l  jK  K  J 


(A1.4) 


<v  . 

Uv<x-T-,u)=vtr  2  e 
*  1  ’*3=0 


i2jss/»|  k+l 


'snBn*  V  I 


CM. 5) 


In  this  case,  integration  with  respect 
to  y  *  in  (A1.5)  can  be  performed  analytical¬ 
ly,  which  is  the  principal  advantage  of 
Kethod  2.  After  the  integration  (A1.5) 
becomes 


•  ata  sort  y  *  xi  V 
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APPENDIX  2  Outline  of  Method  3  (  Tip 

Singularity  Treated  Method  ) 

The  function  Z(s,u,v’)  in  the  integral 
equation (1.5)  in  the  main  body  has  a  singu¬ 
lar  behavior  for  s-»0  as 

..  ..  ..-sgnlu’-u)  sqn(p'-is)f  l+usi' 
Zls/a,!!*)--2 — p - 2 — 2 - •  (ur_p— 


sional  airfoil,  Wj  involves  the  upwash  by 
free  vortices  following  lifting  lines,  and 

\  'll 

v1*v2  inv°lves  the  lifring  surface  correc- 
tion . 

Unknown  function  y:  is  approximated  by 
P. 

Ys(C,n)  =  I  SlN) (n)l„(C)  (A2.4) 

K=0  N 


^-5TW=T}+"*'  fora=°r 


1  ,if  l-UV’  U  3-U  \ 

z(s,y'a  )-  irtji  (y  *+y)  2  p+rr  3 (1+Pa > } 

+•••,  for  a=l/2  .  (A2.1) 


Equation  {  1.5  )  is  transformed  with  sepa¬ 
rating  the  singularity  shown  above.  After 
the  definition  of  the  expression 


wee 


ip*t/2  - 


Yi»e1? 


:*/2  - 
=  Y: 


(A2 . 2) 


equation  (1.5)  becomes 
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with  the  known  elementary  chord wise  distri¬ 
bution  KAO  • 

Influence  functions 
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where  notation  1(a)  denotes  1  if  a  is  inte¬ 
ger  and  denotes  0  if  a  is  not  integer. 

%  ^  . 

w«-Wj  involves  the  upwash  of  the  two  dinen- 


i-1 

are  defined,  where  T 1  denotes  susmatic n 

except  ~=L/2  .  The  functions  show  the 
nature  for  n  -  n*  , 


fs ;n'n'}4  VTU-Sf)  th-n ')  m !  n-r, *!+--• 
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where 


if  1 

gl,N(?'0)=2j  s9»<5-5'>  V5',d5'' 

AN(5)»T(5)XH(5),  ^n1)(c)=^Xn(?)' 

AN2^ ’  (A2.7) 


Using  the  influence  functions  (A2.5), 
Wj,  w^,  w2  in  (A2 . 3)  can  now  be  written  as 


*  1  ?  (  ^(c&W)  V*'"’*  ... 

- n=5P —  —  * 

- dri  , 

0,  iff1  &(N)Vc*.n,n’) 
W2='^o!-i - ^ - •  . 


(A2.8) 


Numerical  calculation  of  the  influence 

function  lN(n,n'),  iN(?*,n,n'),  and  3N(C*» 

n,n ' )  in  (A2.5)  is  easy  because  singulari¬ 
ties  are  not  included  in  the  integrands . 

It  is  necessary  to  devise  the  integration 
with  respect  to  n'  in  (A2.8)  .  Regular 
part  including  the  unknown  coefficient 

2(^  (n')  in  the  integrand  is  approximated 
by  ii  terpolatic.i  formula,  and  singular  inte 
gration  is  performed  ana’^cically[15] . 


Discussion 


A.V.  Odaba?i  (BSRA) 

Mr.Koyama  has  presented  us  with  a  very 
interesting  and  enlightening  paper.  Within 
the  limits  imposed  by  the  choice  of  the 
methods  there  is  very  little  to  add  to  the 
statements  in  the  paper  except  that:- 

(1)  The  use  of  Tikhonov's  regularisa- 
tion  method  1),2)  might  have  avoided  the  pro¬ 
blems  arising  from  the  logarithmic  singular¬ 
ity  near  the  edge  or  the  tip  of  the  blade. 

(2)  It  might  be  beneficial  to  use 
Lighthill's  leading  edge  correction  3)  or 
its  extended  version  to  resolve  the  singulai 
behaviour  at  the  leading  edge  which,  after 
inspecting  the  computed  results,  might  also 
improve  the  results  of  the  Method  3. 

(3)  Examination  of  Figure  3.5  and  some 
other  related  publications  of  Mr.Koyama 
indicates  that  the  convergence  ot  the  mode 
function  approach  with  the  selected  number 
of  modes  is  suspect  and  a  study  on  their 
convergence  properties  may  prove  useful. 

The  main  points  I  would  like  to  raise 

are:- 

(i)  What  is  the  role  of  the  trailing 
vortex  deformation  and  roll-up  on  the  load¬ 
ing  and  pressure  distribution  near  the  tip, 
and 

(ii)  How  realistic  is  the  boundary 
condition  (1.4)  in  accounting  for  the  blade 
tip  effect. 

The  answer  to  the  first  question  is 
quite  difficult  since,  to  the  knowledge  of 
the  present  contributor,  all  the  lifting 
surface  computer  programs  for  marine  propel¬ 
lers  employ  an  assumed  wake  geometry, 
whether  deformed  or  not.  It  is  however 
known  from  wing  and  rotor  applications  that 
these  deformations  can  produce  pronounced 
changes  near  the  blade  tip.  Amongst  the 
methods  considered  only  the  Method  2  can 
accommodate  these  kind  of  changes  an^  hence 
this  should  be  taken  as  an  advantage  of  this 
method. 

The  condition  (1.4)  imposed  for  the 
tip  is  unnecessarily  restrictive,  since  it 
does  not  indicate  how  r  should  tend  to  zero, 
and  may  not  be  fulfilled  in  the  actual  flow 
conditions .  A  more  realistic  condition 
would  be  he  finiteness  of  the  velocities 
as  used  by  Belotserkovskii  4), 5).  In  this 
case  the  free  vortex  sheet  would  leave  the 
blade  tip  from  the  leading  edge  depending 
on  the  radial  and  normal  velocities.  It  is 
certain  however  that  implementation  of 
Belotserkovskii ' s  incremental  time  step 
method  for  marine  propellers  would  be  quite 
costly  due  to  the  necessarily  large  storage 
and  computation  time  requirements  and  a 
compromise  may  be  adopted  provided  that 
other  than  the  upwash  changes  on  the  blades 
the  behaviour  of  the  free  vortex  sheet  is 
not  of  our  concern. 


In  such  a  compromise  the  edge  condi¬ 
tions  of  semi-infinite  wings  6)  may  be 
adopted  which  demands  that:- 


Y  -*■  /I7I  as  (s,t  )-*■  (si,i,  ) 

Y  +  /Z  as  (s,t)+  (s2,  ^ 2  ) 

Y  -*•  /y  as  y  +  0 

Y  *  Y„  as  y  * 

where  6  is  the  distance  to  the  edge  of  the 
blade  and  y  is  measured  from  the  tip  of  the 
blade  (positive  towards  the  root) .  Follow¬ 
ing  the  directions  given  in  Ref.  6)  one  may 
then  devise  a  loading  correction  due  to  the 
tip  effect  as:- 


where  Yij  is  the  loading  correction  due  to 
the  tip  effect  and  yb  is  the  uncorrected 
loading.  The  use  of  the  relationship  (1) 
produces  an  integral  equation  relating  y^ 
to  yk  which  can  be  solved  iteratively. 

The  advantage  to  be  gained  by  the  use 
of  this  compromise  approach  is  that  the 
effect  of  the  trailing  vortex  deformation, 
including  roll-up,  can  be  accounted  for  by 
modifying  yt  and  consequently  these  effects 
can  be  included  within  a  mode  function  me¬ 
thod. 

Before  closing  this  contribution,  I 
would  like  to  express  my  appreciation  to 
Mr.Koyama  for  his  fine  paper  and  I  look 
forward  with  interest  to  his  views  in  re¬ 
lation  to  the  comments  I  have  made. 
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A.  VuXinic  (Univ.  oIRiieka) 


First  of  all  X  would  like  to  express 
my  appreciation  to  Mr.  Koyaina  for  his  work, 
as  lifting  surface  methods  showed  to  be  the 
right  tools  to  be  used  in  order  to  get  an¬ 
swers  to  the  demands  concerning  the  work  of 
the  propeller  in  unsteady  water.  By  appli¬ 
cation  of  the  computer  program,  worked  out 
in  the  Netherlands  Model  Basin  at  Wagenin- 
gen  on  base  of  the  Sparenberg's  lifting 
surface  theory,  on  the  work  of  an  optimum 
designed  subcavitatina  propeller  family  of 
a  single  screwed  tan"  '  ship,  I  tried  my¬ 
self  to  get  some  of  such  answers. 

The  problem  was  concerning  the  varia¬ 
tions  of  blade  and  propeller  dynamic  forces 
outcoming  from  the  velocity  field  inhomoge¬ 
neity.  The  questions  were  : 

-  Which  is  the  difference  in  the  re¬ 
sults  if  using  lifting  line  or  lifting 
surface  calculation  methods  ? 

-  Which  would  be  the  influence  of 
blade  frequency  variation  on  the  variation 
of  the  dynamic  forces  maximal  amplitudes 

in  the  case  of  optimum  designed  propellers  ? 

Here  are  some  figures  representing  the 
then  gotten  results.  The  numbering  of  the 
figures  is  not  continuous  as  it  relates  to 
the  paper  of  the  more  complete  work  issued 
by  Schiffstechnik  Bd.27  -  1980. 

The  ship  was  a  tanker  of  225000  tdW, 
which  was  designed  to  reach  16.5  knots  at 
trials  with  40000  dhp  at  9G  rpm. 

Figs.l  and  2  show  the  plan  of  the 
first  designed  propellers:  a  W.B.  5-60  pro¬ 
peller  and  a  five  bladed  wake  adapted  pro¬ 
peller  designed  by  lifting  line  method. 

Figs. 6  and  7  show  the  resulting  distri¬ 
butions  along  the  blade  span  of  the  circum¬ 
ferential  mean  wake  components  and  their 
variation  during  one  revolution. 

Figs. 8  and  9  show  two  -  dimensional 
intake  water  velocities  representations 
for  central  and  side  ship  propeller  loca¬ 
tions.  Fig. 10  shows  the  resulting  pulsat¬ 
ing  mean  disk  intake  velocity  angles  for  a 
given  diameter  calculated  by  open  water 
propeller  data  at  constant  J  values.  Fig. 

11  shows  how  the  inclusion  of  tangential 
water  velocities  change  the  resulting  in¬ 
take  angles. 

Figs. 18  and  19  show  the  resulting 
fluctuations  of  blade  thrust  and  torque 
calculated  by  mine  and  Vedeler's  open 
water  data  methods,  by  the  lifting  line 
method  of  Burrill  and  the  lifting  surface 
method  of  NSP,  Wageningen.  Figs. 20  a,b 
and  c  relate  to  the  results  gotten  by  the 
same  methods  for  the  propeller  dynamic 
force  components. 

The  last  eight  figures  relate  to  the 
analysis  of  blade  frequency  influence  on 
dynamic  forces  values  worked  out  by  lift¬ 
ing  surface  method  and  evaluated  in  form 
of  coefficients,  which  are  proportions  to 
steady  or  mean  values. 

At  harmonics  0  and  1  resulted  addi¬ 
tional  steady  values  as  represented  on 
Fig. 21  for  each  blade  and  on  Fig. 22  for 


the  propeller.  Further  on  are  presented 
variations  resulting  for  one  blade  in 
maximum  amplitudes  of  thrust.  Fig. 23,  of 
torque,  Fig. 24,  and  of  bending  moment. 

Fig. 25.  Propeller  ludX  imum  amplitudes  for 
thrust  and  shaft  torque  are  give),  on  Fig. 

26,  as  for  vertical  and  horizontal  trans¬ 
verse  forces  on  Fig. 27  and  for  transversal 
moments  on  Fig. 28, 

The  blade  frequency  values  were  evalu¬ 
ated  once  by  number  of  blade  variation  (Z) 
and  econdly  by  number  of  revolutions  varia- 
tio.  (N) .  It  was  concluded  that  the  grow¬ 
ing  of  number  of  revolutions  ment  always 
lower  coefficients  of  maximum  amplitudes 
at  constant  blade  number  while  the  variation 
of  blade  number  at  constant  revolutions  can 
get  into  resonance  with  the  wake  field  and 
therefore  give  periodicity  to  the  functions 
of  force  amplitudes  at  blade  frequency 
variations. 
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W.B-Series  Propeller  Prop.  Model  No. 11 


Diameter 
Pitch  at  root 
at  0.7R 
at  blade  tip 
Disc  area 
Exp.  blade  area 
Number  of  blade 
Scale  ratio  of 
model  propeller 


D  —  8760  mm 
6800  mm 
6800  mm 
6800  mm 
60.270  m2 
36.162  m2 
5 

1  :  40 


Fig.l 


Standard  Propeller  Prop.  Model  No. CPU? 


Diameter 
Pitch  at  root 
at  0.7R 
at  blade  tip 
Disc  area 
Exp.  blade  area 
Number  of  blade 
Scale  ratio  of 
model  propeller 


D  =  8760  mm 
6370  mm 
6601  mm 
7110  mm 
60.270  m2 
31.260  m2 
5 

1  :  40 


Fig.  2 
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Author’s  Reply 


K.  Koyama  (SRi) 


I  would  like  to  express  thanks  to  Dr. 
Odaba$i  and  Prof.  Vucinic  for  their  interest 
and  valuable  discussions.  In  response  to  the 
discussion  made  by  Dr.  Odebapi.  I  would  like 
to  express  my  opinion  in  the  £oj lowing. 

I  think  the  simple  lifting  surface 
model  used  in  the  present  paper  is  useful 
from  the  practical  point  of  view.  Tie  pro¬ 
blem  dealt  in  Method  3  is  the  difficulty, 
which  appears  in  the  numerical  solution  for 
the  simple  lifting  surface  such  as  a  steady 
circular  planar  wing.  The  solid  lines  in 
Fig.  3.5  show  that  the  difficulty  in  the 
existing  methods  is  serious.  The  point  oi 
Method  3  is  that  expression (3.1)  anc  ex¬ 
pression  (3.  2)  are  entirely  different.  The 
expression (3. 2)  stands  on  the  base  of  the 
tip  condition  r=0.  The  condition  is  consider¬ 
ed  to  be  reasonable. 

Dr.  Odabapi's  two  proposals  concerning 
the  trailing  vortex  deformation  and  the 
realistic  tip  condition  are  very  interesting 
and  valuable  from  the  view  point  of  making 
more  realistic  model.  I  hope  such  kind  of 
calculation  will  be  carried  out  in  future. 

As  far  as  the  convergence  of  the  func¬ 
tion  approach  is  concerned.  I  differ  from 
Dr.  Odabapi  in  opinion.  In  early  stage  of  my 
study,  the  solid  lines  in  Fig.  3.5  seemed  to 
show  the  insufficiency  of  the  terms  of  mode 
function  near  the  tip  of  wing.  But  the  re¬ 
sults  of  new  calculation  indicated  by  circle 
symbols,  trianale  symbols,  and  square  symbols 
in  the  figure  show  the  sufficiency  of  the 
terms.  I  think  that  the  discrepancy  between 
the  present  result  and  the  analytical  result 
shown  in  Fig. 3. 7  is  tolerable  from  the 
practical  point  of  view. 
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ABSTRACT 


A  theoretical  tool  to  predict  the 
transient  behavior  of  cavities  on  marine 
propellers  has  been  in  need,  especially, 
to  reduce  the  ship  hull  vibration.  But 
complicated  nature  of  the  cavitating  flow 
prohibited  so  far  the  development  of  exact 
theories  in  this  area,  allowing  only  a  few 
empirical  theories  to  exist.  In  this  paper 
the  unsteady  partial-  and/or  super-cavitat- 
ing  propeller  problem  is  solved  in  a 
rational  way,  treating  the  unsteady  terms 
exactly,  by  using  the  lifting-surface 
theory  based  on  method  of  vortex/source 
distribution. 

The  boundary  value  problem  is  formu¬ 
lated  with  mixed  boundary  conditions,  i.e., 
the  flow  tangency  condition  on  the  wetted 
portion  of  the  blades  and  the  dynamic 
condition  on  the  cavitating  part  of  the 
blades.  A  cavity  closure  condition  is  used 
to  provide  an  additional  relation  for  the 
determination  of  the  cavity  extent.  The 
problem  is  then  solved  directly  in  the  time 
domain  ir.  a  stepwise  manner,  and  an 
efficient  iteration  scheme  is  devised  to 
calculate  the  cavity  extent.  This  theory, 
initiated  originally  for  unsteady  subcavi- 
tating  propeller  problem,  gives  comparison 
between  performances  with  and  without 
cavity,  as  well  as  temporal  variation  of 
cavity  extent  and  cavity  volume. 

The  cavitating  patterns  predicted  by 
the  present  theory  are  compared  with  direct 
observations  of  the  cavities  at  the  water 
tunnel  with  a  model  propeller  both  in 
uniform  flow  and  in  screen  generated  non- 
uniform  flow.  Comparisons  are  considered 
to  be  good.  A  test  computation  is  made  for 
a  full-scale  propeller  in  a  wake  measured 
behind  a  model  ship,  and  compared  with  the 
full-scale  observation.  Although  the 


comparison  is  not  satisfactory,  an 
estimate  on  the  boundary  layer  thickness  of 
ship  indicates  that  the  prediction  might  be 
improved  if  correct  scaling  effects  are 
considered  when  obtaining  the  wake  behind  a 
full-scale  ship. 
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coefficient  matrix,  defined  in  Eq. 
(60) 

blade  section  chord  length 

defined  in  Eq. ( 32) 

propeller  diameter 

defined  in  Eq.(57) 

maximum  blade  section  camber  at  a 

given  radius 

defined  in  Eq. (45) 

propeller  Frodue  number  based  on 

propeller  rotational  speed, 

F r=n2D/a 

cavity  thickness  function 
induced  velocity  at  (i,j)th  control 
point  due  to  (n,m)th  unit  strength 
cavity  source 
total  number  of  unknowns, 

I»N*1+Nq 

chordwise  and  spanwise  indices  of 
the  control  point,  respectively 
advance  coefficient,  JA=VA/nD 
number  of  blades 

induced  velocity  at  (i,j)th  control 
point  due  to  (n,m)th  unit  strength 
vortex 

mean  thrust  coefficient,  KT=T/pn2D4 
cavity  length 

number  of  chordwise  panels  over 
radius 

propeller  rotational  speed, 
revolutions  per  second 
vector  normal  to  blade  camber 
surface 
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number  of  spanwise  vortices 

within  a  chordwise  strip 

number  of  cavitating  elements  at 

each  radial  interval 

number  of  discrete  time  steps 

since  beginning  of  motion 

chordwise  and  spanwise  indices  of 

the  singularity,  respectively 

pressure 

vapor  pressure 

pressure  at  depth  of  the  shaft 
center  at  upstream  infinity 
propeller  pitch 

strength  of  continuous  sources 
per  unit  area 

strength  of  (n,m)ih  concentrated 

line  source  per  unit  length 

radial  coordinate 

hub  radius 

propeller  radius 

Reynolds  number 

defined  in  Eq.(4? 

fraction  of  chor  from  leading 

edge 

maximum  blade  section  thickness 

at  a  given  radius 

thrust 

perturbation  velocities  in  the 

(C#n»5)  directions 

helical  inflow  velocity,  defined 

in  Eg. (36) 

resultant  velocity- 

inflow  velocity  at  coordinate 

(r,S0)  in  propeller  plane 

gust  velocity  normal  to  camber 

surface 

rake 

cartesian  coordinate  system  fixed 
on  propeller:  x  positive  down¬ 
stream,  y  positive  radially 
outward,  and  z  being  determined 
to  complete  the  right  hand  system 
cartesian  coordinate  system 
fixed  on  ship:  xQ  identical  to  x, 
positive  downstream,  yo  measured 
positive  upward  from  the  shaft 
center,  and  z0  positive  when 
pointing  port 

strength  of  (n,m)th  discrete 
vortex  element 

angle  of  spanwise  vortex  line 
relative  to  r:  coordinate 
angular  coordinate  of  key  blade 
relative  to  yQ  coordinate  fixed 
on  ship 
skew  angle 

coordinate  system  defined  on  the 
camber  surface:  5  intersection 
of  the  camber  surface  and  a 
cylindrical  surface  concentric 
with  x  axis,  positive  when  point¬ 
ing  downstream,  C  normal  to  the 
camber  surface,  positive  when 
pointing  upstream,  and  n  being 
determined  to  complete  the  right 
hand  system  on  the  camber  surface 
cavitation  number  based  on  the 
propeller  rotational  speed, 
on=(P«-Pv> /*sPn2D2 
velocity  potential  at  (i,g)th 
control  point  due  to  (n,m)th  unit 


strength  source  element 
t  =  perturbation  velocity  potential 

□>#  =  closed  vortex;  see  Eq.(33) 

□"*  =  shed  vortex  auadrilateral;  see  Eq. 

(33) 

1.  INTRODUCTION 

As  the  loading  on  the  blades  increases, 
the  propeller  begins  suffering  from  a  hydro- 
dynamic  phenomenon  called  cavitation.  Ic  is 
•well  known  that  the  vibratory  pressure  force 
on  ship  hull  due  to  the  cavity  constitutes 
the  major  portion  of  the  total  unsteady  hull 
surface  forces.  With  an  increasing  demand 
for  ships  with  less  vibration,  it  has  been 
being  paid  much  attention  in  recent  years. 
Tiie  presence  of  the  cavity  becomes  even  more 
important  when  the  cavity  undergoes  a  sudden 
collapse  on  the  blade.  This  imparts  a  high 
pressure  impact  leading  to  serious  damage  of 
the  propeller  blades,  and  at  the  same  time 
radiates  undesirable  noise. 

There  are  numerous  lifting-surface 
theories  for  solutions  to  the  subcavitating 
propeller  problems,  which  may  be  considered 
to  be  of  sufficient  practical  value  for  the 
design  purpose.  Yet  the  theories  for  the 
cavitating  propeller  are  far  from  being 
practical.  The  difficulties  in  the  cavity 
flew  problem  arise  mainly  due  to  the 
presence  of  the  cavity  itself,  whose  extent 
is  not  known  a  priori. 

Original  contributors  to  this  problem 
developed  non-linear  (two-dimensional)  free- 
streamline  theories.  It  is  rather  recent 
that  the  linearized  problem  has  been 
formulated  and  solved  for  the  thin  or 
slender  body  cavity  flows;  see  TuIin(Ref.l) 
and  GeurstiRef . 2)  for  details. 

While  most  of  the  previous  work 
involved  solutions  in  the  mapped  plane  using 
analytic  function  theory,  a  solution  method 
ir.  the  physical  plane  by  using  the 
singularity  distribution  method  was  develo¬ 
ped  at  M.I.T.  GoldenfRef . 3}  in  his 
pioneering  work  introduced  the  discrete 
singularity  method  for  the  solution  of  the 
cavitating,  lifting  problem  for  steady  two- 
dimensional  hydrofoil.  This  method  was 
improved  by  Jiang (Ref. s)  for  the  solution  of 
the  unsteady  super-cavitating  hydrofoil 
problem  of  finite  aspect  ratio;  and  further 
improved  by  Van  Houten(Ref .5)  to  solve  the 
two-dimensional  partially  cavitating 
unsteady  flow  problem. 

The  cavity  flow  around  a  marine 
propeller  is  so  complicated  that  little 
progress  has  been  made  in  treating  this 
awful  problem.  Host  of  the  existing 
theories  are  developed  in  a  quasi-steady 
manner  and  use  steady  two-dimensional 
solution  extensively  to  determine  the 
cavity  extent;  see  for  example  those  of  Van 
Oossanen(Ref .6)  anc  Huse(Ref.7). 

It  is  obvious  from  the  experimental 
observation  that  the  cavity  behavior  is 
neither  quasi-steady  nor  two-dimensional. 
Primitive  strip- theory  fails  because  the 
interactions  of  the  cavities  along  the 
adjacent  chordwise  strips  are  so  strong  that 
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the  cavity  length  can  not  be  determined 
solely  from  two-dimensional  consideration. 
The  behavior  of  the  cavity  extent  is  non¬ 
linear  in  time,  i.e.,  the  cavity  grows 
gradually  as  the  blade  enters  high  wake 
region,  but  collapses  rather  rapidly  when 
the  blade  advances  against  the  adverse 
pressure  gradient.  In  this  regard  pure 
harmonic  representation  of  cavity  behavior 
sees  shortcomings  at  the  outset.  Thus  a 
truly  unsteady  three-dimensional  cavity 
theory  is  desired  to  explain  the  important 
hydrodynamics  of  the  unsteady  cavitating 
propeller  problem.  From  the  present  state 
of  our  knowledge  in  this  field  the  numerical 
cavitating  propeller  theory  is  presumably 
the  best  way  to  the  solution  with  the  great 
aid  of  the  modern  computer. 

Hanv  descriptions  on  the  propeller 
geometry  and  unsteady  propeller  theory, 
previously  presented  as  a  paper  by  Kerwin 
and  the  present  author(Hef . 8) ,  are  included 
here  with  minor  changes  to  complete  the 
development  of  the  propeller  lifting-surface 
theory. 

2.  FORMULATION  OF  THE  PR03LSM 
2.1.  Fundamental  Assumptions 

The  propeller  blades  are  considered  to 
be  a  set  of  symmetrically  arranged  thin 
blades  of  arbitrary  form,  rotating  with  a 
constant  angular  velocity  about  a  common 
axis  in  an  unbounded,  incompressible  fluid. 
The  presence  of  extraneous  boundaries  such 
as  the  propeller  hub,  the  rudder,  and  the 
ship  hull,  is  neglected,  except  that  the 
last  is  recognized  as  a  body  generating  the 
non- uni form  flow  field. 

The  blades  are  assumed  to  operate  at  a 
small  angle  of  attack,  and  the  spatial 
variation  of  the  ship  wake  is  assumed  small 
accordingly.  The  blade  boundary  layer  and 
shed  vortex  wake  thickness  is  assumed  to  be 
thin  so  that  the  fluid  rotation  cue  to  the 
propeller  is  confined  in  a  thin  layer. 

It  is  assumed  that  the  formation  and 
decay  of  the  cavity  occurs  instantaneously- 
depending  only  upon  whether  the  pressure 
exceeds  the  prescribed  cavity  pressure  or 
vapor  pressure,  which  is  assumed  to  be 
constant.  The  thickness  of  the  cavity  is 
also  assumed  to  be  small  so  that  lineariza¬ 
tion  in  thickness  is  possible.  Some 
important  phenomena  such  as  cavity- 
inception  and  surface  tension  are  not 
considered.  It  is  assumed  that  the  cavity- 
starts  at  the  leading  edge  of  the  blade, 
and  that  only  the  suction  side  of  the  blade 
is  cavitating  in  the  present  work. 

The  cavitation  number,  oa,  is  defined 
based  on  the  propeller  rotational  speed  as 

°n=  f  p=-pv)  /*jpn2o2 ,  (1) 

where  p*  is  the  pressure  at  shaft  center, 

Py  the  vapor  pressure,  p  the  density  of  the 
water,  n  the  number  of  revolutions  per 
second,  and  D  the  diameter  of  the  propeller. 
The  Froude  number,  Fr,  is  also  defined 


based  on  the  propeller  rotational  speed  as 

Fr=n2D/g,  (2) 

where  g  is  the  gravitational  acceleration . 
The  inverse  of  the  Froude  number  serves  as 
a  direct  measurement  of  the  hydrostatic 
pressure  {or  local  cavitation  number) 
variation  from  the  shaft  center  to  the  top 
of  the  propeller  plane.  The  cavitating  flew 
field  will  be  uniquely  characterized  by  the 
above  two  non-dimensional  parameters. 

The  propeller  is  considered  to  be 
operating  in  a  known  inflow  field  represent¬ 
ing  the  wake  field  of  the  ship.  The 
components  of  the  wake  field  are 
customarily  specified  only  in  the  plane  of 
the  propeller,  and  it  is  assumed  that  their 
variation  over  the  axial  extent  of  the 
propeller  can  be  ignored. 

2. 2.  Boundary  Value  Problem 

Let  us  consider  a  propeller  ope racing 
in  an  unbounded,  incompressible  fluid.  The 
propeller  may  be  in  either  a  non-cavitating 
or  cavitating  condition.  The  principle  of 
conservation  of  mass  is  the  governing 
equation  in  the  fluid  region  encompassing 
the  blades,  the  shed  wake,  and  the  cavity, 
i.e., 

?-v=0,  throughout  the  fluid  (3) 

where  V  is  the  total  fluid  velocity.  The 
problem  is  uniquely  defined  by  imposing  the 
boundary  conditions  as  follows: 

li)  Quiescence  condition  at  infinity: 

At  infinite  upstream,  the  perturbation 
velocity  due  to  the  presence  of  the 
propeller  and  cavity  should  vanish. 

»ii)  Tanger.cy  condition  on  the  wetted 
surface:  The  kinematic  boundary  condition  on 
the  wetted  portion  of  the  blade  surface  is 
the  impermeability  to  the  fluid,  and  is  best 
described  in  a  blade-fixed  coordinate  system 
rotating  with  the  propeller, 

n-v=0,  on  the  wetted  surface  {•?) 

where  n  is  the  vector  normal  to  the  camber 
surface,  defined  positive  when  pointing 
upstream. 

Ciii)  Kutta  condition  at  the  trailing 
edge:  The  flow  should  leave  the  trailing  * 
edge  in  a  tangential  direction. 

(iv)  Kelvin's  theorem  for  the 
conservation  of  circulation 

(v)  Kinematic  and  dynamic  conditions 
in  the  wake:  The  velocity  i urns'  must  be 
purely  tangential  to  shed  vortex  wake  sheet, 
and  the  pressure  must  be  continuous  across 
this  vortex  wake  sheet. 

The  above  five  boundary  conditions  are 
sufficient  to  define  the  fully -wetted. 
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subcavi rating  unsteady  propeller  problem. 

For  the  cavi rating  propeller,  additional 
conditions  are  necessary  due  tc  the  presence 
of  the  cavity.  The  interface  of  the  cavity 
•-*nd  the  surrounding  fluid  is  termed  the 
cavity  surface,  F£x, t)=0. 

(vi)  Kinematic  condition  on  the  cavity 
surface:  Since  the  interlace  is  moving  with 
the  fluid  particles,  the  substantial 
derivative  of  the  quantity  F (x, t)  should 
vanish, 

DF/Dt=0,  on  the  cavity  surface  £5) 

£ vii)  Cavity  closure  condition:  It  is 
assumed  that  the  cavity  tnicsness  be  zero 
along  the  boundary  of  the  cavity  surface, 

h(x,t)-0,  along  the  cavity  '6) 

boundary 

(viii)  Dynamic  condition  on  the  cavity 
surface:  The  pressure  on  tne  cavity  surface 
is  considered  to  be  the  same  as  the 
prescribed  vapor  pressure  inside  the  cavity, 
Py,  i-e., 

p=Pv,  on  the  cavity  surface  £7) 

2.3.  Singularity  Distribution  Method 

The  method  of  singularity  distribution 
is  one  of  the  most  powerful  techniques  for 
the  solution  of  the  fluid  flow  problem. 

This  method  has  become  very*  popular  in 
recent  years  with  the  development  of  the 
high-speed  computer,  for  the  integral 
equations  formed  by  applying  the  boundary- 
conditions  around  the  fluid  boundary  are 
easily  adaptable  tc  numerical  computation. 

Under  the  smallness  assumptions  made 
in  the  earlier  section,  the  propeller 
blades,  cavity,  and  loading  can  be  represen¬ 
ted  by  the  distribution  of  sources  and 
vortices  lying  on  the  mean  camber  surface  of 
each  blade  and  shed  wake.  This  representa¬ 
tion  is  shown  in  Fig.  1. 

The  source  distribution  is  employed  to 
represent  the  jump  of  the  normal  velocity 
at  the  camber  surface.  There  are  two 
distinct  sets  of  source  sheets;  the  first  is 
to  represent  the  thickness  of  the  blades, 
and  the  second  is  tc  represent  the  cavity 
thickness.  Ke  will  assume  at  the  outse*., 
however,  that  the  source  distribution  for 
the  blade  thickness  is  independent  of  time, 
and  that  its  spatial  distribution  may  be 
derived  frets  a  stripwise  application  of 
thin-wing  theory  at  each  radius.  The  source 
strength  for  the  cavity  thickness  will  be 
determined  by  solving  the  boundary  value 
problem.  It  should  also  be  noted  that  the 
extent  of  the  cavity  is  not  known  in  advance 
and  should  be  determined  as  a  part  of  the 
solution. 

The  vortex  distribution  is  employed  to 
represent  the  jump  of  the  tangential 
velocity  both  at  the  carder  surface  and  in 
the  trailing  wake  sheet.  The  vc-rtex 
strength  is  a  vector  lying  in  the  surface 
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Figure  1.  Pictorial  of  propeller  to 

illustrate  basic  singularities 

and  may  be  resolved  into  components  along 
two  arbitrarily  assigned  directions  on  the 
surface.  The  vortex  distribution  on  the 
blade  will  be  resolved  into  “spanwise"  and 
" chord-wise”  components  while  the  correspond¬ 
ing  components  in  the  vake  will  be  termed 
"shed"  vorticity  and  ’trailing"'  vorticity. 
The  vortex  strength  will  also  be  determined 
as  a  part  of  the  solution  to  the  boundary 
value  problem. 

When  the  method  of  singularity 
distribution  is  ernuw ed,  the  principle  of 
conservation  of  mass  is  satisfied  in  the 
fluid  region  away  from  the  singular  sheet. 
The  quiescence  condition  at  upstream 
infinity  is  also  satisfied  by  the  nature  of 
the  singularity,  since  the  induced  yeioeity 
is  at  most  inversely  proportional  to  the 
distance  from  the  singular  point.  The 
application  of  the  remaining  boundary 
conditions  will  lead  to  coupled  integral 
equations.  An  approach  to  the  solution  of 
the  integral  equation  is  to  discretize  the 
continuous  distribution  of  singularities 
into  discrete  singularities  of  unknown 
strengths,  and  to  form  a  set  of  simultaneous 
equation  for  the  determination  of  these 
strengths  by  satisfying  the  boundary 
conditions  on  the  selected  collocation 
points  or  control  points. 

3  .  HATH  EK'  T I  CAL  M0DEX.II1C  OF  ?5 GPFXTK?.- 

CAVITY  SYSTEM 

3.1.  Blade  deosetry 

He  begin  by  defining  a  cartesian 
coordinate  system  fixed  on  the  propeller, 
with  the  x  axis  defined  as  positive  down¬ 
stream  and  the  y  axis  located  at  any- 
desired  angular  orientation  relative  to  the 
key  blade.  The  z  coordinate  completes  the 
right  handed  system.  Cylindrical  coordi- 


nates  are  defined  m  the  usual  way,  with 
the  angle  9  treasured  clockwise  from  the  y 
axis  when  viewed  in  the  direction  of  posi¬ 
tive  x,  ana  the  radial  coordinate,  r,  given 
by 

r  =  gj y-  »  z 2  .  C 8} 

The  skew  angel,  S«Cr) ,  is  by  definition 
the  angular  coordinate  of  the  eld-chord  line 
as  measured  from  the  y  axis  at  radius  r. 

The  x  coordinate  of  the  trie-chord  line,  as 
illustrated  in  Fig.  2  is  defined  as  the 
rake.  ,  and  the  space  curve  defined 

parametrically  by  I-(rj  and  xaCr|  provides 
the  skeleton  upon  which  the  blade  camber 
surface  is  constructed. 
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Fissure  2.  Illustration  of  orooeiler  bla-ae 


are  measured  in  a  cylindrical  surface  of 
radius  r  in  a  direction  normal  tc  the 
helical  coordinate.  The  cartesian  and 
cylindrical  coordinates  of  a  point  on  the 
blade  camber  surface  with  radial  coordinate 
r,  and  chordwise  coordinate  s  say  therefore 
be  expressed  in  terns  of  skew,  rake,  chord, 
and  camber. 

In  order  to  generalised  the  resui.es  to 
blades  other  than  the  key  blade,  wc  define 
a  blade  indexing  angle 

Sv  =  2-*!k~li  ,  k=i,  2,  . . .  ,K  CIO) 

'*  A 

where  S  is  the  number  of  blades  and  k  is 
identifying  index  of  ony  blades.  The  key 
blade,  by  definition,  is  identified  by  the 
index  k=l-  Kith  this  addition,  the 
coordinates  of  a  point  on  the  cache r  surface 
of  the  k’th  blade  say  be  written  as 

x  =  x«ec's-x)  sin  ;-£  cos  i 
=  =  ^c(s-%)  ££|_t.  f^i2i+ck 
y  =  r  cos  ®  {11) 

z  =  r  sin  5 

3.2.  Geometry  of  the  Trailing  Kake 

The  geometry  of  the  trailing  vortex 
wake  has  an  important  influence  on  the 
accuracy  of  the  calculation  cf  induced 
velocities  on  the  blade.  The  usual  approach 
is  to  approximate  the  trailing  vake  sheet  by 
a  pure  helical  surface  with  a  prescribed 
pitch  angle  obtained  either  from  the 
undisturbed  inflow  r (r)  or  the  hydrodynamic 
pitch  angle  5i(r)  calculated  from  lifting 
line  theory.  Although  the  present  program 
was  originally  developed  with  the  non-linear 
roll-up  wake  model (Ref-8) ,  undeformed  wake 
model  with  pitch  angle  2W  is  selected  to 
keep  the  linearity  cf  the  or 00J35  for  the 
purpose  of  comparison  with  ether  theories. 


saaces  may  now  oe  cons true tec  by  passing  a 
lelix  of  pitch  angle  OCr)  through  the  mid- 
chord  line.  If  the  blade  section  expanded 
chord  length  at  this  radius  is  c(r) ,  the 
lea dir. j  and  trailing  edge  coordinates  are 

x,  ►  =  x_  I  £  sin  5 


2l?t  “  r  si"*  4,t 

where  the  subscripts  •  and  t  denote  the 
leading  and  trailing  edges,  respectively. 

It  is  now  convenient  to  define  a  non- 
dimensional  chordwise  coordinate,  s,  -which 
is  zero  at  the  leading  edge  and  unity  at 
the  trailing  edge.  Its  value  at  the  mid- 
chord  line,  by  definition,  will  then  be  H. 
The  blade  section  camber  and  thickness  is 
defined  by  the  functions  f (s)  ana  t(s) , 
respectively.  As  shown  in  Fig.  2,  these 


The  continuous  distribution  of 
vortices  and  sources  are  replaced  by  a 
lattice  of  concentrated  straight  line 
elements  of  constant  strength  for  the 
purpose  of  digital  computation. 

The  discretization  scheme  in  the  chord 
-wise  direction  should  in  principle  be 
determined  so  as  to  satisfy  the  Kutta 
condition.  For  the  steady  two-uimensicnal 
non-cavi rating  flow,  James (Her. 9)  showed 
that  the  Kutta  condition  can  be  satisfied 
illicitly  by  suitable  arrangements  of 
vortices  and  control  points.  For  the  two- 
dimensional  cavi taring  hydrofoil.  Van 
KoutenCRef.5)  used  a  unique  spacing,  white 
gives  good  agreement  with  Oeurst ' s (Set . 2) 
steady  solution.  This  arrangement  is 
selected  for  use  for  the  chordwise 
discretization  of  the  propeller  blade, 
together  with  uniform,  spacing  in  the  radial 
di section - 

The  radial  interval  from  the  hub,  rs, 
to  the  tip,  S,  is  divided  into  M  equal 


intervals  with  the  end  points  of  the 
discrete  spanwise  vortices  located  at  radii 


Pm 


rH+ 


(R- 


rH)  ( 4m- 3) 
4M+2 


m=l, 2, 


.  ,M+1  (12) 


The  chord  from  the  leading  to  the 
trailing  edge  at  radius  pm  is  divided  into 
N  intervals,  with  functions  to  define  the 
boundaries  of  each  element  as 


sn  =  1-cos  (n7i/2N)  ,  n=0,l,  2,  . .  ,,N  (13) 

where  sQ  denotes  the  leading  edge. 

Equations  (12)  and  (13)  are  sufficient 
to  define  the  vertices  of  M  x  N  four  sided 
elements  on  the  camber  surface.  The  span- 
wise  vortices  will  be  placed  on  the  quarter 
chord  of  each  element  with  their  ends  at 
points 

sfi  =  sn_x+6sn/4,  n=l,2,...,N  (14) 


where 


5§n  =  sn  -  §n_-L 


(15) 


The  line  sources  will  be  placed  on  the 
mid-chord  of  the  chord  segments  defined  by 
s£.  Thus  the  nondimensional  chordwise 
coordinates  of  the  line  sources  will  be 


sS  =  (sn+sn+l)/2'  I=1'2'”  -*N-1 

s£  =  (Sr+1.0)/2 


(16) 


trailing  vortex  lines  whose  trailing  edge 
coordinates  match  the  corresponding  values 
on  the  blade. 


Figure  3.  Illustration  of  discrete  vortex 
elements  and  tangency  control 
points  on  key  blade 


The  control  points  for  the  tangency 
boundary  condition  will  be  placed  on  the 
mid-span  of  the  line  segment  connecting  the 
Q  0 

two  points  (Si,  pm)  and  (s^,  Pm+1) . 

The  normal  vector  is  calculated  as  a  cross- 
product  of  the  vectors  tangent  to  the  span- 
wise  and  chordwise  curves  passing  through 
the  tangency  boundary  condition  control 
points.  It  should  be  noted  that  the  control 
points  for  the  tangency  boundary  condition 
lie  in  the  center  of  the  quadrilateral 
elements  formed  by  the  vortex  lattice. 

The  control  points  for  the  dynamic 
boundary  condition  on  the  cavity  surface  are 
placed  or.  the  mid-span  of  the  spanwise 
vortex  lines  defined  by  Eq. (14) .  But  Jiang 
(Ref. 4)  found  that  the  positions  of  the  line 
sources  and  control  points  for  the  dynamic 
boundary  condition  nearest  the  leading  edge 
should  be  interchanged  to  simulate  the 
proper  singular  behavior  of  the  source 
strength  at  the  leading  edge;  i.e.,  there 
must  not  be  a  dynamic  boundary  condition 
control  point  ahead  of  the  leading  line 
source .  The  vortex  arrangement  and  control 
points  for  the  tangency  boundary  condition 
are  illustrated  in  Fig.  3. 

The  trailing  vortices  in  the  wake 
region  are  extensions  of  the  chordwise 
vortices  on  the  blade  to  infinite  down¬ 
stream  with  wake  patch  angle  Bw.  The 
discretized  representation  of  the  vortex 
sheet  then  consists  of  M+l  concentrated 


In  order  to  facilitate  computation  of 
the  convection  of  the  shed  vorticity  in 
unsteady  flow  the  angular  increment,  66,  and 
the  time  increment,  6t,  are  related  by  the 
equation: 

66  =  w6t,  (17) 

in  this  way,  if  the  influence  of  the  tangen¬ 
tial  induced  velocity  on  convection  speed 
is  ignored,  the  strength  of  the  n’th  shed 
vortex  at  the  current  time  step  will  be 
equal  to  the  (n-l)st  shed  vortex  at  the 
preceding  time  step. 

In  order  to  extend  Eq. (14)  to  the  ranqe 
of  trailing  wake,  Eq. (15)  is  modified  as 

6sn  =  p60,  for  n>N  (18) 

where  the  angular  increment,  60,  is  defined 
in  Eq.(17).  The  application  of  Eqs. (14)  and 
(15),  extended  to  allow  n>N,  and  Eq.(16) 
will  determine  the  position  of  the  singulari¬ 
ties  and  control  points  in  the  wake.  For  a 
given  blade  geometry,  the  discretized  system 
is  uniquely  determined  by  the  two  parameters 
M  and  h.  In  the  present  work  66  is  set  to  6 
degrees  for  all  computations. 

3.4.  Representation  of  Other  Blades  and  Wake 

While  the  discrete  singularity  arrange¬ 
ment  used  to  represent  the  key  blade  and  its 
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wake  can  be  reproduced  exactly  on  each  of 
the  other  blades,  such  an  approach  would 
obviously  be  inefficient.  Due  to  the 
relatively  large  distance  between  the 
control  points  on  the  key  blade  and  the 
singularities  on  the  other  blades,  a  coarse 
spacing  may  be  used  on  the  latter  with  no 
significant  change  in  results.  In 
addition,  induced  velocities  need  not  be 
computed  at  all  control  points,  but  only  at 
a  sufficient  number  to  enable  the  values  at 
the  remaining  control  points  to  be  obtained 
by  interpolation. 

As  described  in  Section  4.2,  the 
strengths  of  the  singularities  on  the  other 
blades  a-  e  known  in  terms  of  the  correspond¬ 
ing  values  on  the  key  blade  at  a  previous 
time  step. 

Fiture  4  shows  a  projected  view  of  all 
five  blades  of  a  propeller  illustrating 
this  reduction  in  the  number  of  elements  on 
the  other  blades. 
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(19) 


where  D  is  a  vector  extending  from  each 
point  £  on  the  vortex  curve  C  to  the  field 
point  x. 

For  sources,  the  induced  velocity  at 
any  point  x  due  to  a  source  element  of 
strength  Q  may  be  expressed  in  a  similar 
manner  : 

V(i)d5  (20) 

C(C) 


Applying  Eqs.  (19)  and  (20), 
induced  velocities  at  the  control 
due  to  a  set  of  discrete  vortices 
sources  may  now  be  expressed  as 


the 

point  x^  • 
or  3 


Figure  4.  Illustration  of  discrete 

singularity  elements  on  key 
blade  and  other  blades 

4.  METHODS  OF  SOLUTION 
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The  equations  for  boundary  conditions, 
stated  in  earlier  chapter,  can  be  formulated 
in  terms  of  strengths  of  vortices  and 
sources  by  applying  Eq. (21)  to  the  control 
points  for  kinematic  and  dynamic  boundary 
conditions.  The  derivation  of  these 
equations  is  in  principle  straightforward 
and  are  given  in  detail  in  Appendices  1 
through  4.  Then  in  Appendix  5  we  obtain  a 
set  of  simultaneous  equations  by  combinning 
the  equations  for  boundary  conditions. 

These  equations,  which  would  otherwise  be  a 
compled  integral  equation  with  continuous 
distributions  of  sources  and  vortices,  are 
simple  in  structure  and  can  be  solved  in  a 
various  way. 


4.1.  Calculation  of  Induced  Velocities 

Once  the  propeller-cavity-wake  systems 
are  discretized,  the  induced  velocities  at 
any  point  in  space  by  these  line  source  or 
vortex  elements  can  be  very  easily  computed; 
see  for  example  Kerwin  and  Lee(Ref.8). 

From  the  law  of  Biot-Savart,  the 
induced  velocity  at  any  point  x  due  to  a 
vortex  element  of  strength  T  situated  on  the 
curve  C  may  be  expressed  as 


4.2.  Stepwise  Solution  in  Time  Domain 

The  discretized  boundary  value  problem 
is  established  in  Appendix  5,  where  the 
unknown  variables  are  the  strengths  of  the 
vortices  and  sources  on  the  key  blade  and  a 
pressure  inside  the  cavity. 

The  stepwise  solution  method  is 
employed  for  the  solution  of  the  boundary 
value  problem  in  the  time  domain,  in  which 
the  results  from  the  key  blade  are  used  to 
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update  the  strengths  of  singularities  on 
the  remaining  blades,  while  trailing  and 
shed  vortices  are  being  convected  down¬ 
stream  to  account  for  propeller  advance. 

The  solution  process  for  the  cavi fat¬ 
ing  propeller  is  significantly  more 
expensive  than  for  the  fully  wetted 
propeller.  Therefore,  the  initial  startup 
procedure  is  carried  out  for  the  fully 
wetted  propeller  only.  Then  the  solution 
for  the  cavitating  propeller  is  started 
from  the  solution  to  the  associated  unsteady 
wetted  flow  problem,  by  introducing  the 
cavity  source  terms.  Since  the  cavity 
closure  condition  equation  contains  the 
cavity  shape  of  the  previous  time  step  in 
the  right  hand  side,  a  bad  approximation  for 
it  may  slow  the  convergence.  It  is,  there¬ 
fore,  recommended  to  "turn  on"  the  process 
for  the  cavity  solution  just  before  the  key 
blade  enters  the  high  ship  wake  region,  at 
which  the  blade  will  start  cavitating.  Tne 
process  may  be  considered  to  have  converged 
when  two  successive  propeller  revolutions 
produce  results  which  are  identical  to 
within  the  desired  accuracy. 

4.3.  Iterations  for  Cavity  Extent 

To  determine  the  cavity  extent  and 
source  distribution,  two  spatial  iteration 
processes  are  to  be  employed  in  addition  to 
the  updating  procedure  illustrated  in  the 
preceding  section. 

Unknown  cavity  length  and  source 
distribution  will  always  be  confined  to  one 
chordwise  (or  streamwise)  stiip  by  assuming 
that  the  cavity  extent  and  source  and 
vortex  distributions  on  the  other  streamwise 
strips  be  known  either  by  an  initial 
approximation  or  by  the  most  recent 
solutions  on  those  strips.  The  iteration 
starting  from  the  hub  strip  (or  from  the 
tip  strip)  to  the  tip  strip  (or  to  the  hub 
strip)  and  then  back  to  the  other  end  of 
the  propeller  blade  is  found  to  be  very 
efficient,  showing  a  very  fast  and  stable 
convergence  character.  For  most  cases 
tested,  two  or  three  radial  (outward  or 
inward)  iterations  were  sufficient  to  get 
the  converged  values. 

To  determine  the  cavity  length  and 
source  strength  for  a  particular  strip,  we 
begin  by  guessing  the  cavity  length  (again 
from  the  adjacent  strip  or  from  the 
previous  iteration)  corresponding  to  the 
discretized  element  boundaries.  Pressure 
(or  the  cavitation  number)  corresponding  to 
the  assumed  cavity  length  will  be  determin¬ 
ed  by  solving  Eq.(60).  If  the  computed 
cavity  pressure  is  lower  than  the  vapor 
pressure,  a  longer  cavity  length  will  be 
tried  until  the  computed  pressure  becomes 
higher  than  the  vapor  pressure.  If  the 
initial  computed  pressure  is  higher  than 
vapor  pressure,  a  shorter  cavity  length  is 
used  until  the  computed  pressure  becomes 
too  low. 

A  linear  interpolation  formula  can  be 
used  to  determine  the  cavity  length  corres¬ 
ponding  to  the  vapor  pressure  using  the 


results  of  the  two  final  trials.  The 
strength  of  the  cavity  sources  as  well  as 
that  of  the  vortices  on  that  strip  can  also 
be  interpolated  in  a  similar  manner  as  is 
done  to  get  the  cavity  length,  since  the 
dynamic  boundary  condition  equation  (56) 
on  the  cavity  surface  is  linear.  It  is 
assumed  that  the  linear  interpolation  is 
appropriate  for  the  present  computer  program. 

Although  we  can  solve  the  simultaneous 
equations  (60)  directly,  an  alternative 
approach  can  be  deduced  by  closely  examining 
the  elements  of  the  coefficient  matrix,  apg. 

As  is  the  case  in  the  fully-wetted  problem, 
the  coefficients  of  the  vortex  strength  in 
the  tangency  condition  equation  (58)  are 
invariant  in  time  for  given  chordwise  panel, 
and  hence  this  portion  can  be  inverted  once 
in  the  begining  and  used  to  solve  the 
simultaneous  equations  (60)  .  This  procedure, 
called  the  partitioning  method  in  algebra, 
is  found  to  be  particularly  useful  for  the 
solution  of  the  simultaneous  equation  with 
a  large  invertible  submatrix. 

4.4.  Pete  rmination  of  Blade  Forces 

The  force  and  moment  acting  on  the 
propeller  blade  can  be  obtained  by 
integrating  the  pressure  jump  over  the  blade 
camber  surface, 

F  =  ft p  n  dA, 

M  =  /Ap  (r  x  n)  dA,  ^22* 

where  Ap  is  the  pressure  jump  across  the 
camber  surface,  n  the  no_mal  vector  on  the 
camber  surface  defined  positive  when 
pointing  upstream,  and  r  the  position  vector 
from  the  origin  to  the  point  of  integration. 

5 .  CAVITY  PREDICTION  AND  COMPARISON  WITH 

EXPERIMENTS 

5.1.  Comparison  with  Experiment,  DTNSRDC 

Propel ler  4381  in  Uniform  FI ow 

A  sample  calculation  with  DTNSRDC 
Propeller  4381  (Ref. 10)  is  made  to  check  the 
cavity  extent  in  uniform  flow.  In  order  to 
simulate  the  steady  cavity  flow,  the 
variation  in  the  hydrostatic  pressure  is 
suppressed  and  the  cavity  patterns  of  all  of 
the  blades  are  assumed  identical. 

The  arrangement  of  vortices  and  control 
points  for  the  tangency  boundary  condition 
for  this  propeller  appear  in  Fig.  3  for  the 
key  blade,  and  those  for  all  of  the  five 
blades  are  shown  in  Fig,  4.  This  propeller 
shows  the  symmetrical  blade  outline,  without 
any  skew  or  warp,  and  the  design  advance 
coefficient,  J a,  is  0.889. 

Sample  condition  is  chosen  as  an=1.92 
at  J&=0.7  to  produce  a  reasonable  amount  of 
partial  cavitation.  Figure  5  shows  the 
theoretical  prediction  of  cavity  extent  and 
cavity  thickness  distribution  and  the  cavity 
extent  observed  at  the  Water  Tunnel.  During 
the  experiment,  the  strobolight  was  set  to 
trigger  once-per- revolution,  so  that  the 
cavity  extent  of  each  blade  could  be  observed. 
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Figure  5.  Comparison  of  cavity  extent 

between  prediction  and  observa¬ 
tions  for  DTNSRDC  Propeller  4381 
at  Ja=0.7  with  an=1.92 


Each  blade  was  observed  in  the  12  o'clock 
(top  center)  position  to  eliminate  blade  to 
blade  variation  in  hydrostatic  pressure  and 
inflow  velocity.  It  should  be  noted  that 
the  extent  of  the  observed  cavity  varies 
from  blade  to  blade  to  a  considerable 
degree.  This  scatter  is  thought  to  be 
caused  either  by  the  manufacturing  irregu¬ 
larities  or  by  slight  damage  to  the 
leading  edge  of  each  blade.  To  show  the 
effect  of  hydrostatic  pressure,  the  cavity 
extent  of  the  number  2  blade  at  the  six 
o'clock  position  is  added.  The  light  solid 
line  is  taken  from  the  experiment  of  Boswell 
(Ref. 10)  at  DTNSRDC.  The  agreement  between 
the  experiment  and  the  theory  is  good 
compared  with  the  blade  to  blade  variation 
in  the  extent  of  the  measured  cavity.  It 
is  not  easy  to  obtain  the  thickness  of  the 
cavity  from  observation  without  using 
sophisticated  methods  such  as  the  stereo¬ 


photographic  measurement.  Although  there  is 
no  direct  measurement  of  cavity  thickness, 
the  predicted  thickness  is  considered 
reasonable.  The  force  calculation  obtained 
by  integration  of  the  pressure  distribution 
reveals  2.5%  thrust  increase  over  the  one 
obtained  for  the  fully-wetted  case,  which 
might  be  an  additional  camber  effect  due  to 
the  cavity. 

5.2.  Comparison  with  Experiment,  DTNSRDC 

Tropeller  4381  behind  Screen  Generated 

Wake 

The  first  unsteady  cavity  computation 
is  performed  simulating  DTNSRDC  propeller 
4381  in  a  screen  generated  wake  simulating 
a  high  speed  single  sc^ew  commercial  vessel. 
The  velocity  field,  measured  by  the  laser 
dopper  velocimeter  at  the  Water  Tunnel,  is 
shown  in  Fig.  6.  The  wake  field  is  nearly 
symmetric  about  the  centerplane  of  the  ship, 
with  a  sharp  peak  located  near  top  center. 

A  sequence  of  photographs  showing  the  model 
propeller  operating  in  the  screen  generated 
wake  taken  at  uniform  four  degree  intervals 
is  reported  by  Kerwin,  et  al  (Ref. 11),  and 
is  reproduced  in  Fig.  7  for  the  purpose  of 
direct  comparison.  The  cavitation  number, 
on,  was  selected  as  3.53,  and  the  propeller 
Froude  number,  Fr^n^D/g,  as  10.45. 


Figure  6 .  Velocity  field  measured  behind 
screen 

The  cavity  extent  and  thickness 
distribution  computed  with  the  discrete  time 
steps  of  six  degree  interval  are  presented 
in  Fig.  8.  Excellent  agreement  was 
obtained  between  the  experiment  and  theory. 
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The  fact  that  the  theory  works  so  well  for 
this  high  speed  model  propeller  indicates 
that  the  same  degree  of  accuracy  might  be 
obtained  for  the  full-scale  propeller,  if 
scaling  effects  are  care'ully  considered. 

Figure  9  shows  the  time  history  of  the 
cavity  volume  variation  and  the  cavity 
length  at  a  particular  radius,  r/R=0.77. 

To  show  the  convergence  rate,  computed 
results  for  the  first  three  revolutions  of 
the  cavitating  propeller  are  plotted  in  a 
single  figure.  Note  that  the  results  of 
the  first  cavity  revolution  are  very  close 
to  the  final  converged  values.  This  is 
because  we  start  solving  the  cavity  problem 
after  achieving  the  converged  solution  to 
the  non-cavitating  flow  problem,  and  also 
because,  in  this  particular  case,  only  one 
blade  is  cavitating  at  a  time,  hence  there 
is  no  interaction  between  cavities  on 
different  blades. 

Figure  9  also  shows  that  the  cavity 
volume  is  a  maximum  where  the  cavity  center 
(not  the  blade  center)  passes  through  the 
maximum  wake.  Also  the  cavity  volume  is 
symmetric  in  time  while  the  cavity  length 
versus  volume  is  only  slightly  greater  for 
the  collapsing  cavity  than  for  the  growing 
cavity.  For  the  partially  caviting 
propeller,  the  cavity  is  fattened  rearwards 
slightly  as  the  blade  rotates.  Also,  the 
cavity  falls  off  relatively  smoothly,  show¬ 
ing  that  the  cavity  collapses  toward  the 
leading  edge.  Substantially  different 
behavior  will  be  observed  for  the  low  speed 
fully  cavitating  propeller  in  the  next 
section. 

By  integrating  the  pressure  distribu¬ 
tions  on  the  blade  surface  at  each  time 
step,  the  total  forces  and  moments  can  be 
obtained,  and  the  thrust  components  with 
and  without  cavitation  are  plotted  in  Fig. 
10  versus  the  angular  position  of  the  key 
blade.  It  is  clear  from  this  figure  that 
the  thrust  variation  is  insensitive  to  the 
presence  of  the  cavity.  Harmonic  analysis 
of  this  force  component  reveals  that  the 
mean  thrust  of  the  cavitating  propeller 
increases  by  2.6%  above  the  non-cavitating 
mean  value. 

5.3.  Comparison  with  Full-scale  Observation 


The  ultimate  goal  of  any  theoretical 
or  experimental  study  is  to  design  a  full- 
scale  propeller  to  meet  performance 
specifications.  It  is.  therefore,  essential 
to  compare  the  theoretical  predictions  with 
full-scale  observations  in  order  to  truly 
verify  the  theory.  Full-scale  experiments 
are  very  difficult  and  expensive  and  hence 
are  rarely  made.  It  is  fortunate,  however, 
that  a  report  by  Holden  and  0fsti  (Ref. 12) 
containing  stereo-photographic  observation 
of  the  propeller  of  the  H/S  Berge  Vanga  was 
made  available  for  comparison  with  the 
present  work.  The  principal  particulars  of 
the  Oil/Ore  carrier  and  her  propellers  are 
given  in  Ref. 13,  with  the  wake  data 
measured  behind  the  model  ship. 

Figure  11  shews  the  discrete  vortex 


arrangement  with  the  control  points  for  the 
tangency  boundary  condition  for  all  of  the 
blades.  The  blade  is  skewed  back  15  degrees 
with  a  pitch  ratio,  P/D=0.7  at  a  fractional 
radius,  r/R=0.8.  Figure  12  is  reproduced 
from  Holden,  et  al  (Ref. 13),  and  shows  the 
typical  wake  velocity  field  of  a  twin  screw 
ship.  Unlike  the  wake  of  a  high  speed 
single  screw  vessel  with  a  fine  after-body, 
the  velocity  field  of  the  model  oil/ore 
carrier  has  a  very  wide  wake  extending  from 
the  hull  to  the  shaft.  The  calculated  mean 
effective  wake  fraction,  weff  is  0.418. 

The  volumetric  advance  coefficient,  J&,  is 
therefore  0.39.  The  cavitation  number, 
on=P9H/hpn2o2  Was  obtained  as  2.02  based  on 
the  estimated  shaft  submergence,  H=15.3m, 
and  the  propeller  Froude  number,  F^n^D/g, 
is  2.28. 

Before  proceeding  with  comparison  with 
full  scale  data,  there  are  a  number  of 
observations  to  be  made  about  the  general 
behavior  of  the  results.  The  computed 
cavity  extent  and  thickness  distribution  at 
six  degree  intervals  are  given  in  Fig.  13. 
These  figures  demonstrate  that  supercavitat- 
ing  flow  can  be  predicted  by  the  present 
scheme.  It  is  noticeable  that  the  blades 
are  cavitating  mostly  near  the  tip  region, 
whereas  for  the  DTNSRDC  Propeller  4381  the 
cavity  extends  from  the  hub  to  the  tip  more 
or  less  uniformly.  Figure  13  is  typical  of 
low  speed  merchant  vessels  and  tankers. 

Another  interesting  feature  may  be 
observed  when  the  cavity  is  about  to 
collapse.  From  the  first  six  plots  in  Fig. 
13,  it  may  be  seen  that  as  the  blade 
approaches  90  degrees  after  top  dead  center, 
the  cavity  has  maximum  thickness  near  the 
trailing  edge  and  almost  zero  thickness  near 
the  leading  edge.  Since  the  present 
mathematical  cavity  model  assumes  that  the 
cavity  always  begins  at  the  leading  edge, 
the  thin  cavity  at  the  leading  edge  may  be 
interpreted  as  a  cavity  "pull-back"  phenome¬ 
non,  which  is  observed  in  experiments  where 
the  cavity  extends  nearly  to  or  beyond  the 
trailing  edge  of  the  blade. 

A  typical  cavity  length  at  r/R=0.75  and 
the  cavity  volume  variations  with  respect  to 
time  are  given  in  Fig.  14  from  which  a  couple 
of  important  phenomena  can  be  observed. 

The  first  is  the  convergence  behavior. 
The  computer  program  was  run  for  five 
propeller  revolutions  after  achieving  the 
converged  fully-wetted  solution.  It  can  be 
clearly  seen  that  the  cavities  on  the  other 
blades  have  a  significant  blockage  effect  on 
the  cavi tv  volume  variation  on  the  key  blade. 
This  effect,  which  was  not  noticed  for  the 
case  of  DTNSRDC  Propeller  4381,  shows  the 
convergence  rate,  including  an  oscillatory 
response  for  each  propeller  revolution. 

Hence  mere  propeller  rotations  are  required 
to  achieve  convergence. 

The  second  phenomenon  is  the  cavity 
"pulx-back"  which  is  already  noted  from  Fig. 
13.  From  Fig.  14,  one  can  easily  see  that 
the  cavity  length  continues  to  increase, 
e,Ten  after  the  volume  reaches  its  maximum 
near  70®  after  top  center.  The  cavity 
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Figure  11.  Arrangement  of  discrete  vortex 
elemer.ts  and  tangencv  control 
points 
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length  variation  with  time  shows  a  sudden 
collapse  of  the  cavity,  whereas  the 
cavity  length  on  the  DTNSRDC  Propeller  4381 
fell  off  smoothly.  The  abrupt  collapse  of 
cavity  length  in  conjunction  with  the  cavity 
shape  shown  in  Fig.  13  indicates  that 
instead  of  collapsing  toward  the  leading 
edge,  the  cavity  collapses  in  the  pulled 
back  position. 

The  thrust  acting  on  the  key  blade 
versus  time  is  shown  in  Figure  15.  It  can 
be  seen  that  there  is  a  general  trend  of 
increase  of  thrust,  resulting  in  19% 
increase  in  the  steady  thrust  over  the  non- 
cavitating  mean  value.  The  figure  also 
shows  a  curious  kink  at  102  degrees,  which 
is  related  to  the  sudden  disappearance  of 
the  cavity  at  that  moment.  Although  this 
effect  may  be  exaggerated  by  the  coarse 
time  step  and  by  the  assumption  that  the 
cavity  starts  at  the  leading  edge,  it  arises 
from  the  unsteady  pressure  term,  -£ 3$/3 t, 
due  to  the  collapsing  cavity  source. 

Let  us  new  return  to  the  comparison  of 
the  predictions  with  the  full-scale 
observations.  First  of  all,  the  predicted 
cavity  thickness  is  reasonably  close  to,  but 
slightly  larger  than,  that  of  the  full-scale 
experiments;  the  maximum  predicted  thickness 
is  24cm  when  the  key  blade  is  at  72  degrees 
past  the  top  center,  whereas  the  maximum 
thickness  obtained  by  stereo-photographic 
observation  by  Holden  and  0fsti (Ref . 12) 
ranges  from  10  to  20cm.  However,  the 
cavity  extent  predicted  by  the  present 
theory  is  much  larger  than  that  obtained 
aboard  the  ship.  Thus,  the  theoretical 
prediction  of  the  maximum  cavity  volume, 

240  liters,  is  12  times  larger  than  the  one 
reported  by  Holden  and  0fsti. 

Recalling  the  good  correlation  with 
model  data  in  the  case  of  DTNSRDC  Propeller 
4381.  similar  agreement  had  been  expected 
for  this  propeller,  too.  But  it  turns  out 
that  the  correlation  between  the  prediction 
and  full-scale  observation  is  rather 
unsatisfactory.  The  poor  results  are 
considered  to  be  caused  mostly  by  bad  wake 
input  to  the  computer  program.  The  wake 
measurement  was  made  on  a  1/39.5  scale  model 
at  a  towing  tank  following  conventional 
practice,  and  hence  a  correction  should  have 
been  made  to  account  for  the  effect  of 
different  Reynolds  number  when  extrapolating 
from  the  model  wake  to  the  full  scale  wake. 

Without  resorting  to  the  complex  ship 
boundary  layer  theory,  an  estimate  is  made 
of  the  order  of  magnitude  difference  of  the 
boundary  layer  thickness  between  the  model 
and  ship.  Assuming  1/7-th  power  velocity 
distribution,  the  boundary  layer  thickness, 

5,  is  inversely  proportional  to  the  1/5-th 
power  of  Reynolds  number;  see  Schlichting 
(Ref .14) ,  i.e. , 
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Figure  12.  Wake  field  measured  behind  the 
1/39.5  scale  model  ship 
(Reproduced  from  Ref. 13) 


where  L  is  the  length  of  the  ship,  and  Re 
the  Reynolds  number.  If  we  assume  Froude 
scaling  for  the  model  test,  we  find  that 


propel  ler  posi  ti  on  (  degrees ) 


Re  ~  L- 


(24) 


1.5 

Substituting  Eq.  (24)  into  Eq.  (23),  we 
obtain 


where  the  subscripts  ra  and  s  denote  the 
model  and  ship,  respectively. 

The  ratio  (25)  is  3  for  the  model  scale 
ratio,  Ls/Ljji=39 .5.  If  this  ratio  is 
introduced  to  Fig.  12,  the  high  wake  region 
will  be  mo\ad  toward  the  ship  hull  surface, 
and  hence  the  correlation  between  the 
experiments  and  the  prediction  with  a 
modified  wake  might  be  improved. 

Ship  boundary  layer  theory  is  certainly 
an  important  field  in  hydrodynamics,  which 
needs  to  be  explored.  Should  a  method  to 
overcome  the  Reynolds  number  scaling  effect 
in  a  rational  way  be  developed,  the  theore¬ 
tical  full  scale  prediction  might  be 
possible  for  the  practical  design  purpose 
in  the  near  future 

6.  CONCLUSION 

A  numerical  lifting-surface  procedure 
is  developed  for  the  prediction  of  the 
transient  cavity  extent  and  volume 
variations  with  time  of  the  cavitating 
propellers. 

It  is  an  exact  theory  proposed  for  the 
prediction  of  cavity  behavior  in  a  rational 
way,  where  the  unsteady  pressure  term, 
-p3£/3t,  in  the  Bernoulli's  equation  is 
treated  without  simplification  in  the 
discretized  time  domain,  and  the  cavity 
extent  is  determined  by  an  interation 
procedure  in  a  three-dimensional  manner. 

The  comparison  of  the  cavity  extent 
between  the  experimental  observation  and 
the  theoretical  prediction  for  a  model 
propeller  both  in  the  uniform  flow  and  in 
the  screen  generated  non-uniform  flow  is 
considered  satisfactory.  But  the 
prediction  of  the  cavity  extent  for  a  full- 
scale  propeller  is  not  satisfactory, 
indicating  that  the  extrapolation  from  the 
wake  measured  behind  the  model  ship  to  the 
full-scale  wake  is  important  for  the 
prediction  of  the  cavity. 
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Appendix  1.  Tancency  Condition  on  Wetted 
Surface 

Che  kinematic  boundary  condition  on  the 
wetted  parts  of  the  blade  surface  is  that 
the  resultant  normal  velocity  in  the  body- 
fixed  surface  coordinate  system  should 
vanish;  see  Equation  {4) .  The  total  fluid 
velocity  may  be  written  as  a  summation  of 
the  individual  contributions  as  follows: 

0=n. V=n- { V' +V'+VT +V°+V0} ,  ( 26 ) 

on  the  camber  surface 

The  superscripts  T  and  Q  denote  the  veloci¬ 
ties  induced  by  the  vortices  and  cavity 
sources  lying  on  the  key  blade  and  its  wake, 
the  superscript  0  denotes  the  velocity 
induced  by  the  singularities  lying  on  the 
other  blades  and  wakes,  the  superscript  3 
denotes  the  velocity  induced  by  the  sources 
representing  blade  thickness,  and  the  super¬ 
script  I  denotes  inflow  velocity  including 
the  ship  wake  and  propeller  rotational 
velocity.  Applying  Eq_ (21) ,  the  induced 
velocity  can  be  written  as  a  summation  of 
the  contributions  of  each  discrete  singu¬ 
larity  element  representing  the  propeller 
and  its  wake,  and  hence  Eq . { 26)  may  be 
rewritten  for  the  (i , j) th  control  point 
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where  ~nz.  is  the  strength  of  discrete  vortex 
element  located  at  the  n- th  chorcvise  and 
m- th  spanwise  element,  ar.c  the  super¬ 
scripts  s,c,w,  and  t  stand  for  spanwise, 
chorcwise,  shed  wake,  and  trailing  vortices, 
respectively.  The  symbol  denotes  the 
strength  of  line  source  element  per  unit 
length  located  at  the  (n,m)th  element,  and 
:<q  denotes  the  number  of  cavitating  elements 
at  each  radial  interval,  which  will  be 
determined  as  a  part  of  a  solution  to  the 
boundary  value  problem.  The  strength  of 
the  chorcwise  vortices  is  expressed  by 
satisfying  the  principle  of  vortex 
conservation  at  each  vortex  lattice 
intersection.  Thus,  for  the  (n,a)th 
intersection 
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Kelvin's  theorem  is  applied  to  each 
chorcwise  panel  of  the  blade  and  wake  to 
determine  the  strength  of  the  first  shed 
vortex;  the  chorcwise  panel  being  the  *rea 
between  two  adjacent  chorcwise  vortex  ’ fnes 
and  their  associated  trailing  vortices 
The  total  circulation  around  the  blade 
section  and  its  shed  wake  must  be  zero;  thus 
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Substituting  Eqs.  (28)  and  (29)  into 
Eq.(27),  and  rearranging  the  summations  for 
the  shec  vortices,  one  obtains 
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where  is  the  total  circulation  around 

the  m-th  blade  section  at  time  t 


_  (t>  _  ,  V  _s  ,  (t)  , 

i_  =  i  -  t __i  ,  (j1) 
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n=  l 

where  t  is  the  time  index  for  the  present 
time  step,  and  d; j  is  the  following  combina¬ 
tion  of  known  quantities 

dij  =  ~  Sij-*‘iij+'4j+lij}  °2) 

Focusing  on  one  chorcwise  panel,  it  can 
be  seen  that  the  coefficient  of 
represents  the  induced  velocity  by  a  closed 
vortcx,  which  is  composed  of  the  (n,m) th 
spanwise  vortex  on  the  blade,  the  first  shed 
vortex  in  the  wake,  and  two  chorcwise 
vortices  connecting  the  ends  of  the  spanwise 
vortex  and  first  sh^d  vertex  as  shown 
schematically  in  Fig.  15.  The  coefficient 
of  T_( t-n+1)  represents  the  velocity 
induced  bv  shed  vortex  quadrilaterals  at 
time  (t-n+1).  ft  should  be  noticed  that 
Kelvin's  conservation  of  vorticity  theorem 
is  satisfied  automatically  by  the  closed 
vortex  structures.  It  seems  natural  to 
introduce  another  notation  for  closed 
vortices,  and  hence  Ec.(30)  can  be  rewritten 
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Figure  16.  Illustration  of  closed  vortices 
on  blade  and  in  wake 

where  the  left  superscript  v  is  introduced 
to  distinguish  the  noma!  component  of 
induced  velocities  from  tangential 
component  that  .ill  oe  defined  later. 


(t»n.t)  vanish  on  the  cavity  surface:  i.e., 

DF/Dt-(3/?t+V-7) (c-g)=0  { 34) 

After  differentiating,  we  obtain  the  exact 
equation  for  kinematic  boundary  condition, 

U3+W  =  sg/3t+(Ui+u)  3g/5t 

+  (U2+v)  3g/3’.,  (35) 

on  C=g(c,r,t) , 

where  (th,U2,U3)  and  ('■%,v,v)  are  the  inflow 
and  induced  velocities,  respectively,  in 
the  i i ,  • , C) -directions . 

Ke  define  the  helical  inflow  velocity, 
Wir,  as 


where  VA(r)  is  the  longitudinal  inflow 
velocity  averaged  over  one  propeller 
revolution  and  -  is  the  radian  rotational 
velocity  of  tha  propeller.  Under  the 
assumptions,  the  geometric  quantities  such 
as  angle  of  attack  of  the  section,  camber 
ratio,  and  thickness  ratio  are  small. 
Chcrdwise  fluctuations  in  the  incoming  flow 
will  be  assumed  to  be  small  compared  *-0  U-, 
and  spanwise  velocities  will  be  neglected. 
Gusts,  or  perturbations  normal  to  the  camber 
surface,  will  be  taken  into  account.  Hence 
we  nay  write 

U1=Gr,  U2=0.  U3=vg,  (  3~) 


Appendix  2.  Kinenatic  Condition  on  Cavity 
Surface 

In  order  to  derive  the  equation  for 
the  kfinemat'C  boundary  condition  (5)  on  tha 
cavity  surface,  we  will  define  a  system  of 
curvilinear  coordinates  (t.n.t)  which  is 
useful  in  dealing  with  quantities  on  or 
near  the  camber  surface.  We  define  that 
the  t  coordinate  be  the  intersection  of  the 
camber  surface  and  a  cylindrical  surface 
concentric  with  the  x  axis,  and  positive 
when  pointing  downstream.  The  c  coordinate 
is  defined  to  be  normal  to  the  camber 
surface,  and  positive  when  pointing 
upstream.  The  r:  coordinate  is  defined  or. 
the  camber  surface  to  complete  the 
orthogonality  of  the  coordinate  system, 
therefore  it  is  positive  when  pointing 
towards  the  tip  of  the  blade  of  a  right 
handed  propeller . 

Since  the  singularities  will  be  distri¬ 
buted  on  the  camber  surface,  ;=0,  this 
coordinate  system  is  particularly  convenient 
to  represent  the  local  singularity  effects; 
the  tangential  velocity  jump  due  to 
vorticity  is  or.  the  F-~,  plane,  and  the 
normal  velocity  jump  due  to  the  source  is 
in  the  ~  direction. 

Let  us  define  the  z  coordinate  of  the 
cavity  surface  by  g ( 1 , r. , t) .  The  exact 
kinematic  boundary  condition  can  be  derived 
by  requiring  that  the  substantial 
derivative  of  the  quantity  F(t,n,!;,t)-:-g 


where  wc  denotes  the  gust.  The  perturbation 
velocities  are  assumed  to  be  small 
accordingly,  and  hence  higher  order  terms 
in  Eq. (35)  can  be  neglected  to  result  in  a 
linearized  kinematic  boundary  condition 
equation 


The  assumption  of  small  thickness  allows  the 
boundary  condition  to  be  apoiisrd  on  the 
camber  surface,  1=0,  consistent  with  the 
linearization. 

Equation  (38)  implies  that  the  kinema¬ 
tic  boundary  condition  is  effectively 
reduced  to  the  two-dimensional  chorcwise 
strip,  since  the  --coordinate  does  not 
appear  explicitly.  This  would  allow  the  pure 
tvo-di  tensions!  stripwise  application  of  the 
kinematic  boundary  condition  possible. 

Let  us  define  the  cavity  thickness,  h 
(t,n,t: .  in  terms  of  cavity  surface  end 
camber  surface,  f  (C.n), 

h(t,n,t)=c(f  ,n,t)-f  {£,-,)  (39) 

If  we  apply  Eq. ! 38)  to  the  upper  and  lower 
surface  of  the  cavity,  and  if  we  introduce 
the  source  density  q  (I,n,t)  as  the  velocity 
jump  across  the  cavity  thickness,  then  we 
will  obtain  an  expression  for  the  cavity 
thickness 


cU.n,t)=3h/3t-KJr  sh/K  on  Z=0  (40) 


It  should  be  noted  that  Eq. (40)  can  be 
equally  applied  to  the  blade  thickness 
problem. 

Appendix  3.  Cavity  Closure  Condition 

The  closure  condition (6)  for  the 
cavity  states  that  the  cavity  thickness  be 
zero  along  the  leading  and  trailing  edges 
of  the  cavity,  and  also  along  the  inner 
(hub) and  outer (tip)  extreme  boundaries  of 
the  cavity  surface.  This  condition  can  be 
stated  in  the  discretized  space  that 

ho=0,  hr =0  (41 
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Figure  17.  Illustration  of  cavity  thickness 
form 


where  the  subscripts  0  and  L  are  ind-.ces  for 
the  leading  and  trailing  edges  of  cavity, 
respectively. 

In  order  to  derive  an  expression  for 
cavity  closure  condition,  it  is  first 
necessary  to  recast  Eq. (40)  into  a  discreti¬ 
zed  form;  i.e.,  for  the  (n,j)th  element, 
omitting  the  radial  index  j  for  simplicity, 
unless  otherwise  required  for  clarity, 
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figure  18.  Sketch  for  definition  of  F 
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where  hn  is  the  cavity  thickness  at  the 
panel  boundary  as  shown  in  Fig.  17,  A F,n  is 
the  chord  length  of  the  element,  and  the 
superscript  it-1)  denotes  the  previous  time 
step.  The  quantities  at  the  present  time 
will  be  described  without  the  superscript. 

To  simplify  the  manipulation,  we  intro¬ 
duce  notations 

Rn  =  A?n/2UrAt 

(43) 

Qn  =  <JnA*n  cos  £ 

where  Qn  is  the  strength  of  line  source 
element,  consistent  with  the  definition 
used  in  the  main  text,  and  e  is  the  tilted 
angle  of  line  source  relative  to  n  coordi¬ 
nate.  Equation  (42)  is  now  rearranged  to 
result  in  the  recurrence  formula  for  the 
cavity  thickness 

1-R  1  Q 

h  = - —  h  .  + -  _H  sec  e 

”  n_1 

(44) 

+  lRn  (h  +h  ,)  (t-1) , 

1+R  n  n-1 
n 

where  a  factor  F  is  introduced  to  account 
for  the  relative  position  of  the  cavity 
trailing  end  at  the  previous  time  step  with 
respect  to  the  spanwise  boundaries  of  the 
element.  This  factor  is  defined  as  follows; 
refer  to  'fig.  18, 


0  ,  for  (b) 

1  ,  for  (c) 

where  ^  is  the  cavity  length  at  the 
orevious  time  step. 

Recurrsive  use  of  the  thickness  formula 
‘4) ,  together  with  the  closure  condition 
relations  (41)  ,  after  tedious  algebraic 
work,  will  result  in  a  numerical  closure 
condition  equation  in  discretized  form 

L:1  l  iv  1  Qn 

Z  TT  -  •  -  . - sec  e 


n=l  \k=n+l  1+R yl  1+Rn  ur 


i  Ql 

+  —  •  —  sec  e 
1+Rl  ur 


L— 1  /  L  -  \  R  /  \(' 

=  -  £  (  TT  -)•  —  (h+h  ,) 

n=l  '  k-n+r  ii-Rk  /  1+Rn\  7 


h  (t-1) 
■*  hL-l, 


..(t-l),  , 

where  F=  - ^ — —  , 

for  L(t_1)=L 

L(t"HL  1"Rk\F-Rn 
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i=  xL 


where  F= 


1,  for  n<L 
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1+Rn 

for 
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(t-1)  , 


(46) 


—  <VhL  l)(t_1) 

i+rl  l  l_1 


t-1) 


for  L(t-1)>I. 


where  L  is  the  number  of  the  cavitating 

elements  at  the  previous  time  step  along 
the  chordwise  strip  of  interest. 

To  facilitate  further  manipulation,  it 
may  be  found  convenient  to  rewrite  Eq. (46) 
in  the  form 


n=l 


X  Q 

An 
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(47) 


where  XR  is  the  abbreviated  notation  of  the 
right  hand  side  of  Eq.(46),  and 


(  £  ±Xk)  —  •  — 

'k=n+l  1-R  ,  /  1+R_  U 


sec  e 
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(48) 
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It  should  be  noted  that  this  closure 
condition  is  applied  to  each  chordwise 
strip. 


Appendix  4. 


Dynamic  Condition  on  Cavity 
Surface 


The  linearized  form  of  Bernoulli's 
equation,  applicable  to  each  chordwise 
strip,  can  be  written  as 


P  ~  Pcc 


34> 

=  puUr 


pgyr 


(49) 


where  4>  is  the  perturbation  potential,  y0 
is  the  vertical  coordinate  fixed  on  ship 
measured  positive  upward  from  the  shaft 
center,  and  p^,  is  the  pressure  at  infinite 
upstream  at  the  depth  of  the  shaft  center. 

We  will  use  a  backward  difference 
formula  for  the  time  rate  of  change  of  the 
velocity  potential,  i.e., 


—  =  -i—  ) 

3t  At  '  1 


(50) 


Equation  (49)  may  then  be  written  in  a  form 


-  puUr  -  (p-pj 


"ft  <t>(t"1)  +  p^c 


(51) 


The  streamwise  component  of  induced  velocity, 
u,  in  the  left  hand  side  of  Eq.  (51)  is 
expressed  as  linear  functions  of  the  streng¬ 
ths  of  vortices  and  sources,  in  a  manner 
similar  to  what  was  done  for  the  normal 
component  in  Eq. (27) .  Therefore,  the 
expression  for  the  streamwise  component  of 
induced  velocity  at  the  (i,j)th  control 
point  is  written  as 


u.  .  =  Z  UK.°  rs 
^  n,m  l3nra  nm 


2  UH.  .  Q  +  u. 
n,m  13nm  nm  ^ 


(52) 


where  the  coefficients  of  T^m  and  Qnm  are 
defined  as  in  Eq.(33)  with  the  left  super¬ 
script,  u,  denoting  the  streamwise  component 
of  induced  velocity,  and  UijO  is  the 
streamwise  component  of  induced  velocity 
due  to  singularities  other  than  those  on  the 
key  blades. 

The  potential  at  the  (i,j)th  control 
point  along  the  suction  side  of  the  blade 
may  be  written  as 


4> .  .  =  4>..r  +  4> .  .  ^ 

13  iD  ID  + 


13 


(53) 


is  the  odd  part  of  the  velocity 
potential  across  the  camber  surface,  which 
is  approximated  by 


ID 


r  -  % 


z  rs . 

n=l 


(54) 


is  the  cavity-induced  potential  and  may 
be  written  as 


*  Q  = 


$>.  •  Q 

<  n,m  13nm  nm 


(55) 


where  the  potential  due  to  a  unit 

source  element;  is  the  potential  due 

to  the  cavity  sources  on  the  other  blades 
and  is  computed  much  the  same  way  as  4>i jQ . 

Substitution  of  Eqs.  (52)  through  (55) 
into  Eq.  (51)  leads  to  the  following  result, 
for  the  (i,j)th  control  point, 
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The  right  hand  side  containing  all  the  known 
terms  will  be  defined  as 
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Appendix  5.  Formation  of  the  Simultaneous 
Equations 

Equations  (33)  ,  (47)  and  (56)  ,  derived 
from  the  boundary  conditions,  must  be 
solved  simultaneously  with  a  suitable 
choice  of  control  points.  However, 

Equation  (56)  ,  the  dynamic  boundary 
condition  equation  for  the  cavity,  should 
be  applied  only  to  the  cavi bating  region, 
whose  extent  is  not  known  a  priori.  Hence 
iterative  techniques  must  be  used  to 
determine  the  cavity  extent.  Since  we 
assumed  that  the  cavity  starts  at  the 
leading  edge,  the  task  is  now  to  determine 
the  spanwise  and  chordwise  extent  of  the 
cavity.  The  iterative  procedures  to  find 
the  cavity  extent  are  verj  long  and  time- 
consuming.  It  is  found  to  be  efficient  to 
consider  the  unknowns  in  one  chordwise 
strip  at  a  time.  This  procedure  reduces 
the  si2e  of  the  matrix.  The  cavity  length 
is  determined  for  the  chordwise  strip  being 
considered.  Then  spanwise  strip-by-strip 
iteration  becomes  necessary  to  update  the 
interactions  of  the  adjacent  strips.  These 
two  steps  are  described  in  detail  in 
Section  4.3. 

Let  us  assume  that  we  are  solving  the 
problems  for  the  j-th  chordwise  strip  with 
assumed  Nq  cavitating  elements,  and  that 
the  values  on  the  other  strips  are  known 
from  previous  calculations.  Then  Equation 
(33)  may  be  rewritten  for  the  j-th  strip 
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-  d Ly  for  i=l,2,  ...,N 


where  d^j  is  the  combination  of  known 
contributions,  especially  including  the 
influence  from  adjacent  strips.  Equation 
(56)  may  also  be  rewritten,  for  the  j-th 
strip,  with  a  slight  rearrangement 
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where  is  again  defined  for  convenience 
as  in  d^j.  Equations  (53),  (47)  and  (59) 
are  sufficient  to  determine  I=N+1+Nq 
unknowns,  which  are  composed  of  N  unknown 
strengths  of  vortices,  Nq  unknown 
strengths  of  sources  and  a  pressure  inside 
the  cavity.  A  set  of  simultaneous 
equations  may  take  the  familiar  form 
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(60) 


where  apq  is  the  coefficient  matrix  obtained 
by  suitably  arranging  the  coefficients  of 
(P-P^) ,  and  Qnj  from  Eqs. (58) ,  (47), 

and  (59) ,  Xq  is  the  q-th  unknown  of  a  vector 
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(61) 


(p-p°>)  '  Qlj'  Q2  j  '  *  *  * '  QNQj}  ' 

and  bp  is  the  p-th  element  of  a  vector 
composed  of  the  right  hand  sides  of  Eqs. 
(58),  (47),  and  (59),  respectively.  The 
solution  to  this  matrix  equation  is 
straightforward,  at  least  conceptually. 
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Discussion 


T.  Hoshino  (MHi) 

The  author  is  to  be  congratulated  for 
his  significant  contribution  to  the  nu¬ 
merical  method  in  lifting-surface  theory 
of  marine  propellers. 

I  would  like  to  ask  the  author  the 
following  questions. 

(1)  Fig. 9  indicates  that  the  cavity 
volume  calculated  by  the  present  theory 
for  NSRDC  Propeller  4381  reaches  a  maximum 
before  the  generating  line  of  the  blade 
passes  the  wake  peak.  According  to  my 
experiments,  however,  the  cavity  volume 
reaches  a  maximum  after  the  generating 
line  of  the  blade  has  passed  the  wake  peak 
as  shown  in  Fig. A.  I  would  like  to  ask 
author's  comments  on  this  discrepancy  in 
phase  between  calculation  and  experiment. 

(2)  I  think  that  the  stepwise  approach 
for  the  unsteady  problem  requires  time  con¬ 
suming  computations.  Kow  much  computation 
time  does  it  take  for  one  propeller  and 
one  wake  distribution  by  your  IBM  370/148  ? 
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Fig.  A  Comparison  between  measured  and 
calculated  cavity  volume 


B.  Ym(DTNSRDC) 

Congratulations  to  Dr. Lee  for  a  fine 
paper.  The  author  has  solved  a  very  dif¬ 
ficult  problem  with  satisfactory  results. 
Even  the  linear  solution  for  the  partially 
cavitating  propeller  seems  to  be  predicted 
quite  well.  I  presume  Dr. Lee  has  made  sub¬ 
stantial  numerical  experiments  to  test  the 
convergence  with  respect  to  mesh  sizes,  time 
steps,  etc.  When  I  solved  the  design  prob¬ 
lem  for  a  supercavitating  propeller,  I 
thought  the  convergence  was  pretty  good  for 
design  quantities.  However,  to  incorporate 
the  hub  effect,  radial  velocities  were  com¬ 
puted  without  considering  the  hub  boundary 
condition,  and  it  was  found  that  the  values 
of  the  radial  component  of  induced  veloci¬ 
ties  were  quite  unstable,  although  other 
results  were  reasonably  stable.  After  the 
hub  boundary  condition  was  considered,  such 
phenomena  disappeared.  I  wonder  whether 
such  a  thing  might  occur  here  since  the  hub 
effect  has  not  been  considered. 

In  such  a  complicated  problem  as  nu¬ 
merical  evaluation,  the  measure  of  computer 
time  is  always  crucial.  It  is  mentioned 
in  the  text  that  the  solution  process  for 
the  cavitating  propeller  is  significantly 
more  expensive  than  for  the  fully  wetted 
propeller.  It  might  also  depend  upon  how 
wide  the  cavity  planform  is.  It  would  be 
desirable  for  the  author  to  show  us  some 
measures  of  computer  time  for  various  cases. 


H  Isshiki  (Hitachi  S  &  E) 

One  object  of  this  paper  is,  if  I'm  not 
wrong,  to  make  clear  tne  unsteady  effect  on 
the  cavitation  of  a  marine  propeller  running 
behind  a  ship.  But  the  author's  calculation 
includes  other  effects  such  as  the  inter¬ 
action  effect  between  blades  and  three  di¬ 
mensional  effect.  Then,  I  would  like  to 
a  if  the  author  could  distinguish  the 
u.. steady  effect  from  other  ones  in  your 
numerical  results,  and  what  the  author’s 
opinion  is  on  "the  quasi-steady  assumption" 
in  the  conventional  theories. 


W.  van  Gent  (NSMB) 

This  paper  and  also  the  foregoing  one 
give  a  good  picture  of  recent  developments 
in  the  application  of  lifting  surface  the¬ 
ory  to  ship  propellers.  The  first  paper 
gives  a  comparison  of  the  various  basic 
methods,  which  had  not  yet  been  given  be¬ 
fore.  This  paper  gives  an  attempt  to  in¬ 
clude  cavitation  into  the  lifting  surface 
model . 

Both  papers  consider  the  propeller  in 
irrotational  flow,  however,  and  this  may 
limit  the  validity  of  the  application  in 
ship  wakes.  The  author  concludes  that  the 
poor  correlation  for  full  scale  is  due  to 
lack  of  knowledge  of  the  scaling  procedure 
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from  model  wake.  I  am  of  the  opinion  that 
treatment  of  the  propeller  in  rotational 
flow  can  improve  this  situation.  What  is 
the  opinion  of  the  author  ? 

It  has  to  be  noted,  that  in  a  ship 
wake  we  have  large  shear.  This  situation 
differs  from  turbomachinery  cases,  where 
usually  small  shear  is  assumed. 


Author’s  Reply 


C.S.  Lee  (KRIS) 

Mr.  Hoshino  raised  a  question  on  the 
discrepancy  of  the  phases  between  theory 
and  experiment.  I  agree  with  him  that  there 
should  be  some  phase  lag.  Unfortunately, 
the  wake  generated  by  the  screen  is  not 
exactly  symmetric,  and  hence  about  six  de¬ 
gree  difference  for  this  short  cavity  case 


is  not  sufficient  to  draw  any  conclusion. 

But  in  the  Fig. 10,  some  phase  lag  can  at 
least  be  observed. 

Dr.  Yim  asked  whether  I  had  any  conver¬ 
gence  problems  near  the  hub  region.  As  far 
as  I  remember,  I  had  no  such  convergence 
problem  with  my  modeling.  It  is  possible 
that  I  did  not  have  such  problem  just  be¬ 
cause  the  chordwise  strip  nearest  the  hub 
never  had  large  cavities  in  the  sample  cal¬ 
culation. 

It. is  quite  natural  that  everybody  was 
concerned  on  the  computing  time  required  for 
the  numerical  procedure.  It  is,  however, 
inherently  dependent  on  the  machine  used 
and  also  on  the  size  of  cavities.  The  CPU 
time  for  one  revolution  of  propeller  for 
the  case  of  NSRDC  Propeller  4381  was  about 
one  hour  on  IBM  370/148  computer.  But  it 
took  about  twenty  minutes  on  Honeywell  6180 
computer  which  is  still  slower  by  an  order 
of  magnitude  than  the  modern  IBM  or  CDC 
machine. 

Finally  I  would  like  to  express  my 
appreciations  to  Mr.  Hoshino,  Dr.  Yim  and 
all  the  other  oral  discussers  for  their 
interests  in  my  paper. 
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ABSTRACT 

Application  of  discrete  vortex  elements 
for  numerical  calculations  of  propeller 
loading  and  blade  cavitation  is  presented. 
The  various  advantages  of  such  methods  are 
discussed  with  respect  to  flexibility  and 
correct  modelling  of  the  real  physical  phe¬ 
nomena  . 

In  this  paper,  we  have  concentrated  on 
the  following  items: 

-  Steady  and  unsteady  propeller  loading 

-  Steady  prope' ler/duct  loading 

-  Blade  tip  fiow  and  leading  edge  separat¬ 
ing  vortex 

-  Two  dimensional  cavitation 

-  Three  dimensional  cavitation 

-  Propeller  cavitation 

-  Hull  surface  pressure 

The  availabilities  of  the  numerical  model 
have  been  confirmed  in  comparison  with  the 
model  and  full  scale  experiments. 

1,  INTRODUCTION 

Due  to  an  increasing  interest  about 
propaller/duct  systems  as  propulsion  units 
on  merchant  ships  and  for  dynamic  position¬ 
ing  a  joint  research  project  between  Mitsui 
Engineering  &  Shipbuilding  Co.,  Ltd.  and 
Det  norske  Veritas  was  started  in  1976. 

The  goal  of  the  project  was  to  develop  a 
method  for  prediction  of  blade  loading, 
amount  of  blade  cavitation  and  induced 
pressure  fluctuations  transferred  through 
the  water.  Application  of  the  method  on 
thrusters  required  that  operation  at  bollard 
conditions  was  subject  to  detailed  studies. 

Existing  methods  for  prediction  of 
blade  loading  and  detailed  blade  pressure 
distributions  are  based  on  either  lifting 
line  or  lifting  surface  theories,  which 
often  show  unsatisfactory  results  when  pro¬ 


peller  units  are  operating  at  a  very  low 
inflow  velocity.  Furthermore,  there  was 
also  a  need  tor  a  more  advanced  method 
to  directly  predict  shapes  and  volumes  of 
blade  cavities  on  a  three  dimensional  wing. 

During  the  project  the  following  items 
have  been  studied  in  detail  and  theoretical 
methods  have  been  developed: 

a)  Two  dimensional  airfoil  theory  -  appli¬ 
cation  of  vortex  elements  to  predict 
pressure  distribution  and  loading  in 
steady  and  unsteady  flow. 

b)  Propeller  performance  in  uniform  flow 
-  thrust/ torque  characteristics. 

c)  Propeller/duct  performance  in  uniform 
flow  -  thrust/ torque  characteristics. 

d)  Two  dimensional  theories  for  prediction 
of  cavity  shape  and  volume. 

e)  Tip  flow  studies  on  three  dimensional 
wings  and  propeller  blades  operating 
with  leading  edge  separation. 

f)  Propeller  blade  loading  in  non-uniform 
flow. 

g)  Propeller  blade  cavitation  in  uniform 
and  non-uniform  flow  by  combining  the 
various  items. 

h)  Pressure  fluctuations  transferred 
through  water  induced  by  propeller 
blades  and  fluctuating  blade  cavity 
volumes. 

2.  MODELLING  OF  PROPELLER/DUCT  SYSTEMS  BY 
A  DISCRETE  VORTEX  ELEMENT  METHOD 

A  general  numerical  method  is  formu¬ 
lated  for  the  calculation  of  unsteady 
propeller  forces.  The  method  is  based  on  a 
discrete  element  approach,  which  in  this 
connection  appears  to  offer  a  number  of 
advantages,  i.e.: 


a)  Accurate  prediction  of  mean  loading  can 


be  stated: 


be  obtained  both  at  design  and  off- 
design  conditions  (J-values  approach¬ 
ing  zero) . 

b)  Arbitrary  blade  geometry  may  be  handled 

c)  Radial  as  well  as  tangential  wake  may 
easily  be  included. 

d)  Modifications  to  include  cavitation 
are  straightforward,  since  no  loading 
mode  functions  are  employed.  Cavita¬ 
tion  is  modelled  by  a  source/sink  dis¬ 
tribution  in  the  same  way  as  thickness 
effects  of  the  blade  are  accounted  for. 

e)  A  discrete  element  method  lends  itself 
naturally  to  a  step-by-step  solution 
in  the  time  domain,  which  is  also  es¬ 
sential  for  the  calculation  of  unsteady 
cavitation. 


V*  *  3 
TOT  "t 


const. 


(5) 


where  e^  denotes  the  unit  vector  in  tangen¬ 
tial  direction.  Equation  (5)  expresses  the 
assumption  that  the  pressure  within  the 
cavity  is  constant. 

Due  to  the  fact  that  there  is  a  radial 
(spanwise)  direction  of  circulation  on  blade 
,  r=T (r) ,  trailing  vortices  will  exist  in 
the  propeller  slip  stream.  The  amount  of 
vorticity  in  the  wake,  yw,  is  related  to  the 
bound  circulation  according  to: 

Y  =  -  =  -  —  fCy( r,£)d£  (6) 

w  dr  dr  0 


2.1  Basic  Equations 


The  propeller  is  assumed  to  operate  in 
an  inviscid,  incompressible  fluid.  A  mathe¬ 
matical  function  describing  the  motion  must 
therefore  satisfy  Laplace's  equation  (1) 
with  prescribed  function  values  or  gradients 
at  the  boundary  (in  this  case  the  propeller 
camber  surface) . 

V2$  =  0  (1) 


Fundamental  solutions  that  satisfy  equation 
(1)  are  e.g.  given  by: 


Vind(x,y,z) 


1  ,  R^y  dV 

4u  |r|3 


Vind(x,y,z) 


=  —  f  ^2,  dV 
4tt  jRp 


(2) 

(3) 


expressing  the  induced  velocities  at  a  field 
point  (x,y,z)  caused  by  arbitrary  distribu¬ 
tions  of  vortices  Y(S»n»?)  and  sources 
q(£,n»?)  located  at  the  source  point  (£,n»C) 
The  distance  between  the  source_point 
and  the  field  point  is  denoted  by  R. 

The  restriction  to  be  imposed  on  the 
flow  at  the  camber  surface  is  that  there 
should  be  no  flow  through  this  surface. 

This  condition  of  no  flow  may  be  put  into 
mathematical  form  as: 


VTOT*n 


(4) 


where  n  is  the  normal  vector  of  the  camber 
surface. 

Vtot  is  the  total  velocity  vector,  which  is 
composed  of : 

a)  Induced  velocities  from  the  vortices 
on  the  reference  blade  and  in  the  slip 
stream,  as  well  as  induced  velocities 
from  other  blades  and  their  slip 
streams. 

b)  Inflow  velocity  to  the  propeller  con¬ 
sisting  of  an  axial  velocity  and  a 
tangential  velocity. 

In  the  case  of  a  cavitating  propeller 
an  additional  boundary  condition  is  needed 
on  the  cavitating  part  of  the  camber  surface 
.  This  condition  may  in  linearized  form 


where  c  is  the  chord  length  at  section  r. 

When  the  motion  is  time  dependent,  the 
shedding  of  "radial"  (bound)  vorticity  into 
the  slip  stream,  must  be  taken  into  account. 

2.2  Propeller 

2.2.1  Numerical  Approach 

The  first  step  in  making  a  numerical 
description  of  the  problem  is  to  locate  dis¬ 
crete  vortex  elements  on  the  propeller  cam¬ 
ber  surface  (the  non-cavitating  case  will 
be  described  at  first) . 

6  spanwise  sections  are  applied  and 
each  of  the  spanwise  chordlines  are  divided 
into  13  equally  spaced  elements. 

From  each  of  the  6  radial  subdivision 
lines,  a  free  vortex  (trailing  vortex)  is 
extended  from  the  leading  edge  across  the 
trailing  edge  of  the  propeller  to  the  "roll¬ 
up  point".  An  extensive  description  of  the 
rollup  process  is  given  in  Ref.[l].  A  bound 
vortex  and  its  corresponding  trailing 
elements  (Fig.l)  constitutes  a  "horse  shoe" 
vortex.  Using  horse  shoe  vortices  assures 
that  the  Kelvin's  theorem  is  satisfied  at 
each  vortex  grid  point  on  the  blade.  All 
horse  shoe  vortices  are  closed  except  for 
those  at  "mid-span" .  Since  these  vortices 


are  open,  they  generate  the  tip  and  hub  vor¬ 
tex  respectively.  The  location  of  this  "mid 
-span"  section  is  in  fact  an  unknown  entity 
and  should  be  determined  by  iteration. 
However,  for  practical  purposes  it  may  be 
prescribed.  The  location  of  the  vortex 
points  and  control  points  on  the  chord  has 
been  done  in  accordance  with  James  '  method 
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(Ref.  2). 

A  schematic  view  of  this  method  in  two 
dimensions  is  seen  in  Fig.  2.  The  source/ 
sink  elements  representing  either  thickness 
or  cavitaion  (or  both)  are  also  indicated. 
Fixing  the  propeller  in  a  Cartesian  refer¬ 
ence  system,  it  is  now  possible  to  calculate 
induced  velocities  at  a  control  point  on 
the  camber  surface  by  applying  equations 
(2)  and  (3)  in  discretized  form.  The  grid 
points  of  the  vortex  element  system  are 
defined  by  the  coordinates  x(I,J),  y(l,J), 
z(i,j),  I-chordwise  index,  J-spanwise  index. 
Location  of  control  points  are  obtained  bv 
calculating  the  geometrical  mean  value  of 
the  four  vortex  grid  points.  The  normal 
vector  to  be  applied  in  equation  (4)  is  ob¬ 
tained  by  forming  the  cross  product  of  the 
diagonal  vectors  formed  by  the  grid  points. 


POINTS 


Fig.  2  Location  of  Vortex  and  Control 
Points  in  Two  Dimensions 


Fig.  1  shows  a  simplified  vortex  system 
on  a  propeller.  In  this  case  only  one  ele¬ 
ment  is  used  along  the  chord.  For  each 
control  point  1,  2,  3,  equation  (4)  should 
be  satisfied.  This  set-up  therefore  gives 
a  system  of  3  equations  for  the  3  unknowns 
GBi,  GB2,  GB3.  At  control  point  1,  the 
following  equation  is  a  discrete  form  of 
(4)  : 

nxl(GL'l'  XH  +  GB2  '  K21  +  GB3  '  K31> 

+  nrl(GB1  •  +  GB2  •  K21  +  GB3  *  K^) 

+  n^tGBj^  •  K33  +  GB2  *  K21  +  GB3  -  K31) 

=  V"1  •  nxl  +  Vtl  '  nrl  +  VU  ’  ntl  (7) 

At  control  point  2  and  3  similar  equa¬ 
tions  may  be  formulated.  nx^,  nr^,  nt^,  are 
the  components  of  the  normal  vector  at  con¬ 
trol  point  1.  GBX  2  3  are  rhe  strength  of 
the  bound  vortice£.'  K^tr,c  i=l,  3;j= 
i,  3  are  the  induced  3  velocities  at  con¬ 
trol  point  j  due  to  an  unit  vortex  at  loca¬ 
tion  i  in  axial,  radial  and  tangential  direc¬ 
tion  respectively.  From  Fig.  1,  it  is  seen 
that  the  trailing  vortices  from  the  horse 
shoe  vortex  1  and  3  cancel  at  the  ’•ollup 
point.  The  only  vortex  which  ..^tributes 
to  the  tip  and  hub  vortices  is  horse  shoe 
GB2-  Vx1,  Vrl,  V-l  are  the  contribution  to 
the  normal  velocity  from  the  axial  and  rota¬ 


tional  motion  at  control  point  1.  In  addi¬ 
tion,  contain  contributions  from  the 

source/sink  distribution  generated  by  the 
thickness  form.  It  should  also  be  noted 
that  the  coefficients  contain  contri¬ 

butions  from  the  other  blades.  In  the 
steady  loading  case  the  set  of  equations  may 
be  solved  directly  for  the  unknowns  GBi,  GB2, 
GB3.  Ref.  1  gives  the  numerical  approach 
for  calculating  the  forces  once  the  GB-dis- 
tribution  is  known. 

The  coefficients  Kx*r>t  are  implicit 
functions  of  the  vortex  J  geometry  in  the 
propeller  slip  stream.  This  means  that  the 
Kx«r,t  should  continuously  be  changing  when 
time  dependent  motion  is  considered. 

The  consequence  of  this  is  that  the  coeffi¬ 
cients  in  the  equations  will  change  and  the 
complete  solution  of  a  set  of  simultaneous 
equations  would  have  to  be  solved  at  every 
angular  position.  The  computing  time  for 
this  system  would  be  too  large  for  the 
method  to  be  of  any  practical  interest. 

It  has  therefore  been  necessary  to  intro¬ 
duce  modifications  in  the  method  of  solution 
and  in  the  treatment  of  the  coefficients 
Kijr,t-  may  be  split  up  in  a  sum  of 

contributions  from  the  refer¬ 
ence  blade  and  the  other  blades. 


„x,r,t 

Kij 


NBLADE 

I 

n»2 


^jr't(V 


(8) 


where 

Ki3r,t^l)  refers  to  the  reference  blade,  and 

Kx,r,t($n),  n  =  2,  ...,  NBLADE  to  the  con- 
tribu  tions  from  other  blades. 

In  the  general  case  the  blade  loading  is  dif¬ 
ferent  on  the  various  blades  due  to  varia¬ 
tions  in  the  incoming  wake. 

Denoting  the  vortex  distribution  on 
the  blades  by  GB(o)i;j,  the  equation  (7)  may 
be  written:  J 


nxl  1  GB1(*1>*Ki1(*1>  + 
NBLADE 

GB1(V  ’  Kll'*n}  + 

n=2 


GB2(4>1)  •  K*^^)  + 
NBLADE 


n*2 


GEW  K21(*n)  + 


GB3  ( ‘  K3i  (<*>I'  +  1  GB3<$n)  ‘ 
+  nrl  [  683(43)  ’  ^33(^3)  +  l 


+  nu  [  GB3U3)  ^33(43)  +  l 

=  ^ •  nxl  +  vrl*  nrl  +  vtl* 


K31<V  3 
. ) 

. 1 


‘tl 


(9) 
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It  is  assumed  that  if  the  loading  on 
other  blades  (N=2,NBLADE)  are  known,  the 
contribution  from  these  blades  to  the  bound¬ 
ary  condition  can  be  taken  into  the  right- 
hand  side  of  the  equation.  The  only  unknown 
part  of  the  equations  will  then  be  the  vor¬ 
tex  distribution  on  the  reference  blade. 

To  avoid  solving  a  set  of  simultaneous 
equations  at  each  timestep,  a  procedure  has 
been  chosen  which  involves  just  one  inver¬ 
sion  of  the  coefficient  matrix  in  the  simul¬ 
taneous  equations.  This  procedure  can  be 
applied  if: 

a)  The  coefficients  for  the  unknown  on  the 
reference  blade  do  not  change  during  one 
revolution. 

b)  The  contributions  from  other  blades  are 
known. 

Requirement  a)  can  be  satisfied  by  letting 
the  pitch  of  the  trailing  wake  system  be 
constant  at  each  angular  position.  This 
constant  value  can  be  obtained  by  calculat¬ 
ing  a  mean  loading  from  an  average  wake. 

When  the  calculations  on  the  reference 
blade  are  done,  the  resultant  circulation 
distribution  is  stored  at  that  particular 
angular  position.  As  the  first  following 
blade  enters  this  angular  position,  it  picks 
up  the  loading  previously  obtained  for  the 
reference  blade. 

The  other  blades,  which  have  not  reach¬ 
ed  an  angular  position  previously  occupied 
by  the  reference  blade,  will  retain  the  mean 
loading.  By  always  letting  the  following 
blades  take  on  the  loading  calculated  for 
the  reference  blade,  requirement  b)  can  be 
satisfied. 

In  open  water  propeller  cavitation,  the 
equation  (4)  is  still  valid  on  the  wetted 
part_of  the  camber  surface.  The  expression 
for  V.J.QY  may  be  modified  to  include  the 
velocity  jump  due  to  source/sink  distribu¬ 
tion  representing  the  cavity.  Since  this 
velocity  jump  is  normal  to  the  camber  sur¬ 
face,  it  may  be  written: 


and  combined  with  equation  (4) : 

-7-Sj +  E)j =  0  (10) 

at  each  control  point  j  for  the  vortex  dis¬ 
tribution  y  .  Similarly,  equation  (5)  may 
be  put  in  the  form: 

-7-  Yi +  ('W  «t>i  =  const*  (11) 

at  each  control  point  for  the  source/sink 
distribution  q. 

The  constant  in  equation  (11)  contains  the 
unknown  cavitation  number  a.  To  obtain  a 
complete  set  of  linear  equations,  an  addi¬ 
tional  condition  is  needed.  This  last  con¬ 
dition  may  in  the  steady  state  case  be  put 
in  the  discrete  form: 


Z  q.  =  0  (12) 

which  indicates  that  the  cavity  is  closed. 
The  summation  in  (12)  is  to  be  carried  out 
over  all  cavitating  elements  along  the  chord 
.  The  control  points  for  the  source/sink 
distribution  are  located  at  the  midpoint  of 
the  bound  vortex  elements  and  vice  versa. 

By  combining  the  equations  (7) ,  (10) , 
(11)  and  (12)  a  numerical  representation 
for  propeller  cavitation  may  be  obtained. 

2.2.2  Calculated  Results  for  Non-Cavitating 


To  obtain  the  open  water  characteris¬ 
tics,  three  J-values  have  been  analyzed, 
J=0.1,  PD/2  and  PD;  PD  being  the  pitch/dia¬ 
meter  ratio.  The  results  arc  displayed  in 
Figs.  3^5.  The  agreement  between  measured 
and  calculated  KT  is  poorer  for  the  higher 
J-values  (K.p-*0)  .  At  very  high  blade  loading, 
vortex  separation  may  occur  at  the  propeller 
leading  edge  (see  Appendix) . 

The  pressure  distribution  along  the 
chord  has  been  computea  for  one  propeller 
where  the  experimental  distribution  is  avail¬ 
able  (Ref.  3).  The  results  from  open  water 
calculations  are  given  in  Fig.  6. 


Although  some  unsteady  effects  have 
been  neglected,  calculations  in  wake  have 
been  modified  compared  to  the  quasi-steady 
method.  This  has  been  accomplished  by  let¬ 
ting  each  of  the  blades  have  different  load¬ 
ing  according  to  their  angular  position. 

The  unsteady  effect  which  has  been  neglected 
is  the  radially  shed  vortices  in  the  wake. 
These  vortices  are  the  "memory”  of  the  motion 
and  will  be  included  in  the  further  develop¬ 
ment  together  with  calculations  of  "added 
mass"  effects.  Calculations  in  wake  have 
been  performed  for  a  10  deg.  and  90  deg.  net 
wake  screen  and  show  satisfactorily  agreement 
(Figs.7&8,  quoted  from  Ref.  4). 


The  calculations  in  non-uniform  flow 
were  done  with  the  prescribed  trailing  vortex 
system  of  the  propeller  related  to  the  mean 
loading  on  the  blades.  On  the  inclined 
shaft  case,  the  periodic  change  in  the  slip 
stream  geometry  is  thought  to  have  a  greater 
influence  on  the  loading. 

The  procedure  from  unsteady  motion  in  a  ship 
wake  may  probably  not  be  applicable  in  in¬ 
clined  shaft  calculations.  Results  from 
sample  calculations  are  given  in  Fig.  9. 


Propeller 

2. 2. 2.1  Uniform  Flow 


2 .2. 2. 2  Non-Uni  form  Flow 


2. 2. 2. 3  Inclined  Shaft 
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Fig.  7  Thrust  Fluctuation  in  Wake  during 
a  Revolution 
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Fig.  8  Thrust  Fluctuation  in  Wake  during 
a  Revolution 


Fig.  9  Thrust  Fluctuation  by  Inclined 
Shaft  during  a  Revolution 


10  DEG.  SET 
4.5n/sec 
24.44  RPS 


I 

I 

f 

i 

] 


2.3  Propeller/Duct  System  in  Uniform  Flow 
2.3.1  Fundamental  Assumption 

Propeller  blades  and  duct  are  regarded 
as  thin  foil  surfaces  with  arbitrary  shape. 

A  vortex  arrangement  placed  on  the  camber 
surfaces  of  propeller  blades  and  duct  is 
adopted  as  the  hydrodynamic  model  of  pro¬ 
peller/duct  system. 

Concerning  the  thickness  of  blades  and 
duct,  the  strength  of  source  distributions 
is  obtained  from  the  chordwise  gradient  of 
the  thickness  applying  thin  foil  theory. 

Fig.  10  shows  the  horse-shoe  vortex 
arrangements  by  the  discrete  vortex  elements 
with  the  Cartesian  coordinate  system.  In 
this  figure,  r  means  the  circulation  strength 
for  the  unit  length  of  a  vortex  element 
joining  two  grid  points  with  a  straight 
line. 

The  subscripts  D,  P,  S  and  C  refer  to 
the  initials  of  Duct,  Propeller,  Spanwise 
and  Chordwise. 


Fig.  10  Coordinate  System  and  Horse  Shoe 
Vortex  Arrangement  for  Propeller 
/Duct  System 
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Defining  the  discretized  vortex  strength 
r(|  m  and  rfj+i  jj,  for  the  spanwise  elements 
before  and  behind  point  i  on  the  camber 
surface,  the  circulation  distribution 
density  Yi  of  the  vortex  continuously 
distributed  is  as  follows: 


Vi  = 


+  -rs+1  „)  /  (2  -M* >m)  (13) 


'  n,m  ‘n+l/iii 


Hence,  ^iH,m  is  the  mean  distance  between 
^n,m  an<^  ^’n+1  m’  In  the  salne  manner,  the 
source  strength  <3^  continuously  distributed 
can  also  be  expressed, 

qi  =  <Qn,m  +  Qn+l,m>  /  <2  ’^n,^  (14) 


by  using  tne  discretized  line  source  strength 
Qn,m  and  Q„n  m  Per  unit  length. 

The  boundary  conditions  arc  set  up  at 
points  i,  i+1,  ..  i.ameiy,  control  points 
which  are  obtained  by  calculating  the 
geometries1  mean  values  of  the  four  vortex 
grid  points. 

Concerning  the  propeller  lifting  surface 
,  the  numerical  approaches  are  principally 
based  on  Section  2.2. 


-wp(x,y,z)  =  //SpYp'Kp?  dSp  +  //Wpf(Yp) 
•KppdKp  +  ''^sd^DkDP  ^Sd  + 

•KDpdWD  (16) 

Thus,  the  simultaneous  integral  equations 
are  formed  from  the  equation  (15)  and  (16) . 

Applying  the  discrete  vortex  elements 
instead  of  the  continuous  vortex  distribu¬ 
tions  in  the  equations  (15)  and  (16) ,  the 
following  discretized  expressions  can  be 
obtained: 
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2.3.2  Numerical  Analysis 

The  integral  equation  which  has  the 
unknown  strength  of  vortices  distributed 
on  each  camber  surface  of  propeller  blades 
and  duct,  for  example  at  point  (x,y,z)  can 
be  expressed  as  on  the  duct  camber  surface: 

-wD  (x,y,z)  =  //sdYd*kDD  dSD  +M-:Df('5fD) 
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where. 


v1 

1 


inflow  velocity  vector  at  control 
point  i  as  in  Fig.  10 


•Kdd  dwD  +  f -^Sp'fp' KPD  dSP  +  "wpf(Yp5 

•  KpD  dV<p  ( 1  ^ ) 


where. 


v9  -  source  induced  velocity  vector  at 
1  point  i 

r  -  unknown  circulation  of  the  vortex 
H”*  element  (n,it) 


1st  term  -  normal  component  velocities 

induced  by  the  bound  vortices 
on  duct  camber  surface, 

2nd  term  -  normal  component  velocities 

induced  by  the  free  vortices  in 
duct  wake, 

3rd  term  -  normal  component  velocities 

induced  by  the  bound  vortices  on 
whole  propeller  blade  camber 
surfaces, 

4th  term  -  normal  component  velocities 

induced  by  the  free  vortices  in 
propeller  wake, 

Wq (x, v , z) -  boundary  value  i.e.  the  normal 

component  composed  of  inflow  and 
source  induced  velocities. 

For  point  (x,y,z)  on  propeller  blade  the 

similar  equation  can  be  introduced  as: 


n  =  1,2, _ N  -  ir.uex  of  chordwise  direc¬ 

tion 


m  =  1,2, _ Mx  -  index  of  spanwise  direction 
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uinm  corresponding  to  the  kernel  f’metion 
of  the  integral  equations  (15)  &  (16)  and 
also  the  induced  velocity  at  point  i  from 
an  unknown  vortex  element  supposed  to 
have  unit  strength  which  is  placed  at  the 
address  (n.m).  The  three-dimensional  vector 
uinm  is  cai  -ulated  by  3iot-Savart' s  law, 
and  Hi  is  the  unit  vector  in  normal  direc¬ 
tion  at  point  i. 

The  left  hand  side  of  the  equation  (17) 
is  the  known  values  consisting  of  both  in¬ 
flow  velocities  and  source  induced  veloci¬ 
ties  at  point  i. 

Equation  (17)  is  the  general  expression 
of  the  formula  for  a  propeller/duct  lifting 
surface.  As  limiting  the  application  of 
this  equation  or.  the  steady  motion  problem. 
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singularity,  and  Vjya  the  total  veloci¬ 
ty  calculated  at  the  midpoint  of  the 
element. 


the  shed  wake  vortices  f  _  and  r* "  can  be 

nm  nm 

neglected,  because  the  trailing  vortices 
keep  constant  strength  downstream  to 
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b)  The  force  acting  on  a  vortex  element 
with  the  strength  Fj^  per  unit  length 
which  is  computed  from  Kutta-Joukov- 
ski's  theorem 

— G  s  — 

^"nm  -  K  ^nm  *  'nm  (22) 


The  circulations  of  a  chordwise  vortex  and 
a  trailing  vortex  can  be  expressed  by  that 
of  spanwise  (bound)  vortices  as  follows: 


This  calculation  is  made  for  all  span- 
wise  and  chordwise  elements  of  blades 
and  a  duct. 
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As  described  above,  unknown  vortex 
elements  F^S  oniy  remain  on  the  duct  camber 
surface  and  also  F^|  on  the  propeller  blade 
camber  surface  in  the  same  manlier. 

In  the  present  DP  program,  the  follow¬ 
ing  ways  of  grid  panel  division  are  applied 
as  shown  in  Fig.  10. 

Propeller  blade  camber  surface: 

spanwise  6  x  chordvrse  12  =  72 

Duct  camber  surface: 

spanwise  12  x  chordwise  10  =  120 

Duct  trailing  vortices  are  regarded 
as  a  set  of  straight  lines  parallel  to  the 
uniform  flow. 

From  the  experiences  in  our  flow  obser¬ 
vations,  propeller  slip  stream  inside  a 
duct  and  also  in  the  downstream  can  be  con¬ 
sidered  as  the  axial  component  being  pre¬ 
dominant.  Therefore,  it  is  assumed  that 
the  trailing  vortices  shed  from  the  T.E.  of 
each  blade  form  a  helicoidal  vortex  sheet 
having  constant  pitch. 

The  wake  pitch  at  the  design  point  of 
Prop. /Duct  (advance  coefficient  J  =  0.5PD 
PD  :  prop,  pitch  ratio)  can  be  assumed  to  be 
the  same  as  the  geometrical  pitch  of  each 
blade  section,  and  approximately  be  applied 
over  the  relatively  wide  range  of  J-values. 

The  forces  arising  on  a  propeller  blade 
and  a  duct  are  calculated  by  summing  up  the 
following  components: 

a)  The  force  acting  on  a  source  element 
with  the  strength  Qj^,  per  unit  length 
which  is  obtained  from  Lagally's 
theorem 
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Hence,  p  is  fluid  density,  the 

length  of  spanwise  element  of  the 


c)  The  viscous  drag  force  of  a  duct  which 
is  represented  by  the  formula  (Ref. 

5)  as  follows: 
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C.  *  2*C.{l+2- (t  /lC)2) 
d  f  m  max  m 


Cf  =  0-455/ (log1QRn) 


2.58 


(23) 


where,  is  the  ra-th  chord  length  in 
the  spanwise  direction,  the  mean 
length  of  spanwise  element,  the 
mean  resultant  velocity  in  the  chord- 
wise  direction,  raax  the  maximum 
thickness,  and  Rn  Reynolds  number. 

The  viscous  drag  force  of  a  propeller 
is  based  on  Ref.  6- 


d)  The  pressure  distributions  can  be 
obtained  by  the  theorem  of  Bernoulli 
at  a  point  on  blades  or  a  duct 
surface: 

For  instance,  at  control  point  i 
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where  Fnm  and  rn+im  are  the  spanwise 
(bound) vortex  element  on  both  sides 
of  control  point  i. 

2.3.3  Calculation  Results 


To  obtain  prop. /duct  open  water  charac¬ 
teristics,  the  described  numerical  model 
has  been  applied  over  a  wide  range  of  J- 
values  for  the  sample  conv.  ducted  prop, 
with  ISA  Duct  (L/D=0.5)  series  models.  The 
results  are  displayed  in  Figs.  11^14. 

In  this  calculations,  the  correction 
factor  has  been  used  for  the  duct  thrust  at 
low  J-values  smaller  than  PD/3,  i.e.  high 
duct  loading  where  the  effect  of  viscous 
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Section  3.2.  The  method  is  three-dimen¬ 
sional  in  the  sense  that  the  calculations 
are  based  on  the  complete  three-dimensional 
equations,  a  certain  deyree  of  two-dimen¬ 
sionality  is  introduced  due  to  the  >ct 
that  the  equations  are  solved  stripwise  on 
the  propeller.  The  reason  for  this  is  the 
difficulty  of  formulating  a  global  closure 
condition  for  the  cavity. 


3.1  Two-dimensional  Cavitation  Theory 


3.1.1  Basic  Equations 


00  Q2  0.4  0  6  08  1.0 


Fig.  15  Pressure  Distribution  along  Blade 
Chordlines  for  a  Prop. /Duct 


PROPELLFR  CAVITATION 


Cavitation  or.  two-dimensional  hydrofoil 
has  been  studied  by  several  authors  e.g. 
Geurst  [13] ,  Meijer  [14] ,  Hanaoka  [15]  and 
Izumida  et  al  [16]  . 

In  this  chapter,  linearized  two-dim. 
cavitation  theory  will  be  applied  scctionally 
on  a  propeller  blade.  Numerical  solutions 
are  obtained  by  means  of  a  vortex/source 
lattice  method  as  described  by  Jiang  &  Leehey 
il7]. 

The  cavity  is  assumed  to  commence  at 
the  leading  edge  and  to  terminate  on  the 
surface  of  the  foil  (closed  type  cavitation) 

.  The  hydrofoil  is  assumed  to  be  placed  in 
a  parallel  flow  with  velocity  0«>  and  with 
an  angle  of  attack  a  with  respect  to  the 
free  stream  as  shown  in  Fig.  16.  The  suc¬ 
tion  side  of  the  profile  is  denoted  by  f(x), 
the  pressure  side  by  g (x) ,  the  cavif.  shape 
by  6(x)  and  the  cavity  length  by  fc.  The 
thickness  of  the  hydrofoil  and  the  cavif' 
is  represented  by  a  source  distribution 
q(x) ,  and  the  discontinuity  of  the  perturbed 
velocity  in  the  x-direction  is  represented 
by  a  vortex  distribution  y (x) . 


There  are  basically  two  different 
approaches  which  point  themselves  out  in 
a  natural  way  when  trying  to  formulate  the 
problem  with  a  cavitating  propeller  mathe¬ 
matically. 

The  first  one  is  to  use  the  angle  of 
attack  concept  combined  with  a  purely  two- 
dimensional  cavitation  theory.  This  is 
the  method  used  traditionally,  and  several 
attempts  to  determine  the  gross  volume 
variation  of  the  cavity  have  been  reported, 
see  e.g.  Johnsson  [10  &  11]  and  van 
Oossanen  [12] .  A  new  version  based  on  this 
approach  will  be  described  in  Section  3.1. 
The  angle  of  attack  and  the  local  cavita¬ 
tion  number  including  the  three  dimensional 
effects  are  well  defined  for  each  blade 
section  at  every  angular  position  by  the 
unsteady  lifting  surface  theory  with  non¬ 
linear  wake  pitch.  However,  the  influence 
of  cavity  flow  is  not  taken  into  considera¬ 
tion  for  the  boundary  conditions  of  the 
lifting  surface  theory. 

The  second  natural  approach  is  an 
attempt  to  carry  out  a  direct  solution  of 
the  basic  three-dimensional  equations,  des¬ 
cribing  cavitation  on  a  propeller  blade. 
Such  a  method  will  be  briefly  described  in 


Cavity 


o  \  T.F.. 

*  \i« 


Fig.  16  Schematic  Representation  of 

Hydrofoil  with  partial  Cavity 


In  linearized  form,  the  cavitation 
problem  can  then  be  formulated  as  a  set  of 
coupled,  singular  integral  equations,  see 
e.g.  [17]  and  (18]. 
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Fig.  17  Cavity  Length  as  a  Function  of 
a/o  for  Plano-Convex  Hydrofoil 


Cavity  shape  can  be  calculated  by 
integrating  the  following  equatioj  i 


d6  (x) 
dx 
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where  vY  and  vq  denote  the  induced  veloci¬ 
ties  due  to  the  vortex  and  the  source 
di.st.  .ution,  respectively. 

3.1.2  Results  of  C  mputation 

The  calculated  results  have  been  com¬ 
pared  with  measured  ones  for  two  kinds  of 
MAU-typed  wing  sections  and  a  4%  thickness 
Plano-Convex  hydrofoil.  The  tests  were 
carried  out  in  the  high  speed  cavitation 
tunnel  at  Tokyo  Univ. . 

Figs.  17r>'19  show  the  relationship 
between  cavity  extent  and  a/o.  As  the 
theory  is  based  on  the  closed  type  cavi¬ 
tation  model,  the  calculations  are  limited 
to  cavity  extents  less  than  75%  at  the 
chord  length.  In  Figs.  17^19,  the  results 
for  the  three  types  of  foils  show  that  the 
agreement  between  the  experiments  and  the 
numerical  results  is  satisfactory  in  case 
of  the  thin  foils  i.e.  for  the  Plano-Convex 
hydrofoil  and  the  MAU  0.9R  wing  section. 

Max.  cavity  thickness  as  a  function 
of  cavity  length  for  the  three  types  of 
foils  is  shown  in  Figs.  20^22.  Fig.  23 
shows  the  calculated  results  of  cavity 
profiles  in  comparison  with  the  observed 
ones.  Again  the  agreement  is  found  to  be 
better  for  thin  foil  sections. 


Fig.  19  Cavity  Length  as  a  Function  of 
a/o  for  MAU  0.6R  Wing  Section 
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Fig.  20  Max.  Cavity  Thickness  as  a  Func¬ 
tion  of  Cavity  Length  for  Plano- 
Convex  Hydrofoil 


End  of  cavity  (%  Chord) 

Fig.  22  Max.  Cavity  Thickness  as  a  Func 
tion  of  cavity  Length  for  MAU 
0.6R  wing  Section 


Fig.  21  Max.  Cavity  Thickness  as  a  Func¬ 
tion  of  Cavity  Length  for  MAU 
0.9R  Wing  Section 


3.2  Three-dimensional  Cavitation  Theory 

The  set  of  equations  describing  the 
flow  field  on  a  cavitating  propeller  is 
given  in  discrete  form  by  eqs.  (10) ,  (11) 
and  (12) .  The  theory  behind  this  formula¬ 
tion  is  briefly  sketched  in  chapter  2,  for 
details  the  reader  is  referred  to  Frydenlund 
&  Persson  [19]  or  Jiang  &  Leehey  [17]. 

The  basis  of  this  formulation  is  the 
assumption  that  the  propeller  camber  surface 
is  covered  by  a  distribution  of  vortices 
and  sources/sinks.  The  boundary  conditions 
satisfied  are  that  the  flow  is  tangent  to 
the  camber  surface  on  the  wetted  portion  of 
the  blade  and  that  the  pressure  is  constant¬ 
ly  equal  to  the  vapour  pressure  on  the  cavi¬ 
tating  portion  of  the  blade.  These  boundary 
conditions  in  linearized  form  lead  to  eqs. 
(10),  (11).  Eqs.  (10),  (11)  are  solved 
stripwise  on  the  propeller,  together  with 
the  auxiliary  condition  that  the  cavity 
should  be  closed  at  each  radial  section. 

The  influence  of  adjacent  sections,  of  the 
slip  stream  behind  the  blade,  and  of  other 
blades,  is  taken  into  account.  It  is  found 
that  this  solution  produces  a  single-valued 
connection  between  the  cavity  length  and 
the  cavitation  number,  contrary  to  what 
happens  in  the  two-dimensional  case.  The 
complete  solution  is  carried  out  as  an  it¬ 
erative  procedure,  the  cavitation  number  at 
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a  =  1.01  o  =  1.44 


Fig.  23  Comparison  of  Cavity  Shape  between  Observations  and  Calculations 


each  radial  section  is  prescribed,  the  cavi¬ 
ty  length  is  relaxed  until  the  computed 
cavitation  number  agrees  with  the  prescrived 
value.  A  typical  result  from  an  open  water 
calculation  is  displayed  in  Fig.  24. 

A  continued  effort  is  being  made  to 
include  unsteady  effects  in  the  cavitation 
model . 


PROPELLER  P-832 
J  =  0.20 
0  =  0.249 


-  PRESENT  METHOD 


Fig.  24  Propeller  Cavitation  Patterns  in 
Uniform  Flow  (Observed  and  Calcu¬ 
lated) 


3.3  Propeller  Cavitation 
3.3.1  Prediction  Method 

The  linearised  two-dim,  cavitation 
theory  as  described  in  3.1.1  will  now  be 
applied  to  predict  propeller  cavitation. 

The  following  steps  have  been  adopted  to 
calculate  propeller  blade  cavitation  at 
each  blade  angular  position  in  non-uniform 
wake  flow. 

Step  1  The  unsteady  lifting  surface 
theory  due  t~>  Hanaoka-Koyama  [20]  is  used 
to  give  the  variation  of  circulation  distri¬ 
bution  on  a  blade  surface  during  one  revolu¬ 
tion  which  gives  the  equivalent  two-dim. 
wings  with  the  induced  cambers  on  each  r/R 
section  at  every  angular  blade  position. 
Applying  the  Imai's  two-dim.  wing  theory 
121]  on  these  wings,  the  radial  distribu¬ 
tions  of  angle  of  attack  a  and  cavitation 
number  o  are  locelly  obtained. 

Step  2  To  ?ave  computing  time,  the 
data  tables  of  cavity  extent  versus  a/o  are 
given  by  the  two-dim.  ca  itatior.  theory  on 
each  r/R  section  of  a  blade.  In  this  case 
the  angle  of  attack  is  to  have  an  interval 
of  1®  ranging  up  to  maximum  value  obtained 
in  Step  1.  As  shown  in  Fig.  1/4,19,  there 
is  some  disagreement  between  the  rr.eas  ired 
and  the  calculated  cavity  length.  7n  order 
to  improve  the  calculation  cl'  cavitation, 
the  following  corrections  have  been  derived 
from  the  measured  values.  Using  t!  e  calcu¬ 
lated  value  (a/o),-,  the  following  expression 
is  to  be  adopted  m  the  range  between 
and  l 2  in  Fig.  25  where  the  linearized 
theory  gives  reasonable  solutions : 
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PROPELLER  P-1257 


Fig.  25  Empirical  Model  of  Cavity  Length 
Versus  a/c 


PRESENT  METHOD 


Fig.  26  Propeller  Cavitation  Patterns  in 
Uniform  Flow  (Observed  and  Calcu 
rated) 

3.3.2  Results  of  Computation 


a/a  =  (a/o)c- (10. 8t/c+0. 53) 

•{1.0+2. 2- (3-5) • (t/c-0.053) ) (30) 

here,  t/c  is  blade  tnickness  ratio. 

In  this  range  the  cavity  length  is 
approximated  as  follows: 

l  *-•  k-  (a/o)R  (31) 

The  upper  limit  of  cavity  length  obtainable 
from  the  linearized  theory  is  assumed  to  be 


lL  *  0.82  -  ?.l(t/c)  (32) 

which  yields  the  value  of  (a/o)L 
In  case  the  cavity  length  exceeds  £. : 

If 

;  :=  k (cx/o) n  +  3.C{(<x/o)-(a/c)Tj}  (33) 

approximately,  which  can  be  used  into  .he 
supercavitating  region.  Fig.  25  shows  the 
empirical  model  of  cavity  length  versus 
a/o. 

Step  3  Giving  the  angles  of  attack 
and  cavitation  numbers  obtained  in  Step  1, 
cavity  lengths  are  calculated  by  ir'.ercolat- 
ir.g  the  data  tables  for  each  prop  'r  blade 
r/R  section.  Thus,  the  cavitatic  at 

of  a  propeTler  is  finally  obtain*.  c  every 
angular  blade  position. 

Step  4  Concerning  the  cavity  thick¬ 
ness,  the  similar  way  as  described  above 
has  been  adopted.  However,  approaching  to 
the  tip  of  a  propeller  blade,  the  three 
dimensio"al  effect  on  the  cavity  thickness 
becomes  ■  n  important  phenomena.  According¬ 
ly,  the  thickness  of  propeller  cavitation 
is  predicted  by  means  of  multiplying  the 
calculated  value?  by  a  correction  factor  in 
that  region  of  a  blade.  The  correction 
factor  has  been  obtained  from  investigations 
of  the  measured  cavity  thickness  in  a  few 
full-scale  stereophoto  measurements  (Ref. 

22  &  23). 


3. 3. 2.1  Model  Propellers  in  Uniform  Flow 

The  present  method  has  been  applied  to 
a  model  propeller  operating  in  uniicrm  flow 
and  compared  with  the  result  of  model  test. 
The  test  conditions  are  as  follows: 

Fig.  26  Model  Propeller  P1257  [23] 

J  =  0.3,  a  =  0.45 

J  =  0-4,  o  =  0.67 

The  principal  data  of  the  model  propellers 
are  shown  in  Table  1. 

Table  1  Principal  Particulars  of  Model 


. tcpellera 

Modal  Propeller 

P1257 

Uia .  (M) 

0.250 

Pitch  Ratio 

1.02 

Exp.  Area  Ratio 

0.53 

Number  of  Blades 

— 

4 

Table  2  Principal  Particulars  of  Full 
Scale  Propellers 


- 

Ship 

Ship  A 

Ship  B 

Die*  -  (M) 

7.70 

6.65 

Pitch  Ratio 

0.66 

0.70 

Exp.  Area  Ratio 

0.71 

0.61 

Number  of  Blades 

5 

5 
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Fig.  26  shows  comparisons  between  the  4.  HULL  SURFACE  PRESSURE  FLUCTUATIONS 

observed  and  the  calculated  cavitation 

extents.  4 . 1  Basic  Theory 


3. 3.2. 2  Full  Scale  Propellers 

The  present  method  has  been  applied  to 
propellers  operating  in  a  non-uniform  wake 
field  and  compared  with  full  scale  observa¬ 
tions.  The  model  wake  fields  are  corrected 
to  the  corresponding  full  scale  wake  fields 
by  Sasa jima-Tanaka 1 s  method. 

Table  2  denotes  the 
principal  particulars  of 
two  full  scale  propellers 
which  are  used  for  the 
simulations  of  unsteady 
cavitation,  and  also  hull 
surface  pressure  impulses 
in  the  next  chapter. 

The  operating  condi¬ 
tion  is  shown  as  follows: 

Fig.  27  Ship  A 

J  =  0.37, 
a  =  1.61 


Fig.  28  Ship  B 

J  =  0.37, 
o  =  3.21 

where  the  values  of  o  de¬ 
scribed  above  are  the  rep¬ 
resentation  at  the  shaft 
center  of  each  propeller. 

The  cavitation  pat¬ 
terns  are  predicted  at 
each  angular  blade  posi¬ 
tion  with  an  interval  of 
10°  from  the  top  position 
i.e.  twelve  o'cl-ck  to  the 
turning  direction.  Fig. 

27  displays  the  cavitation 
patterns  oi  ballast  condi¬ 
tion  of  Ship  A.  F>  11 
scale  propeller  cavitation 
was  observed  in  the  region 
from  the  top  position  to 
60°.  Fig.  28  displays  the 
same  for  Ship  B  with  the 
sketches  of  the  full  scale 
observations  from  1S°  to 
55°. 


The  basic  theory  for  calculation  of 
pressure  fluctuations  caused  by  a  cavi tat- 
ing  propeller,  when  the  variation  of  the 
cavity  volume  is  assumed  known,  has  been 
reported  by  several  authors,  see  e.g. 
Noordzij  [24].  This  theory  will  be  briefly 
reviewed  here,  just  in  order  to  point  out 
a  minor  modification  in  the  calculation 


Fig.  28  Observed  and  Calculated  Cavitation  Patterns  of  Ship  B 


procedure  which  has  proven  to  be  efficient. 
Only  the  contribution  due  to  the  cavity 
will  be  discussed. 

The  velocity  potential  $  due  to  a  mov¬ 
ing,  pulsating  cavity  can  be  expressed  [24] : 


rT 


/ 

(t) 


@c(r,t) 

/ 

eL(r) 


i2l 

l3t 


+ 


UcosEcosu  ,  3t_.  rdrd8 
r  39^  RcosBcosp 


(34) 


Here  polar  coordinates  have  been  used  in 
accordance  with  Figs.  29,  30.  Furthermore, 
U  denotes  the  inflow  velocity  at  section  r; 
6  is  the  pitch  angle;  p  is  the  rake  angle, 
and  i  is  the  cavity  shape.  The  cavity  is 
assumed  to  extend  radially  from  an  inner 
radius  rj.(t)  to  the  tip  radius  rip.  A  strip 
of  width  dr  of  this  cavity,  at  radial  posi¬ 
tion  r,  is  considered.  The  cavity  extends 
from  the  leading  edge,  with  angular  coor¬ 
dinate  0L(r),  to  the  cavity  closure  point 
denoted  by  6c(r,t).  Note  that  r^  and  9^ 
depend  on  the  time  t.  The  distance  R  be¬ 
tween  the  source  point (y,r,0)  and  the  field 
point  is  given  by  Fig.  29. 


R(x,y,z,Y,r,6)  =  { [x-rcos (y-6) ] 2 

+  [y+rsin (y-6) ] 2  +  [z+||  -rtgu]2} 

(35) 

By  application  of  Bernoulli's  equation,  the 
pressure  at  the  field  point,  which  is  sta¬ 
tionary  in  the  coordinate  system  (x,y,z), 
can  be  written: 

P(x,y,z,t)  =  -  p(||  +  v||)  (36) 

where  $  is  defined  by  eg.  (34)  .  In  deriv¬ 
ing  eq.  (36)  ,  higher  order  derivatives  of 
the  perturbation  potential  <{>  have  been 
neglected. 

It  is  now  appropriate  to  transform  the  time 
variable  t  into  angular  position  y  of  the 
blade,  i.e.  by  introducing 

Y  =  2irnt  (37) 

where  n  denotes  the  number  of  revolutions 
per  sec.  Furthermore,  it  is  convenient  to 
move  the  operator  3/3t  in  eq.  (34)  outside 
the  integral  sign  and  to  perform  a  partial 
integration  of  the  second  term  containing 
5 i/39,  thus  giving: 


f(x,y,z,t) 


2  rT 

P~  /  /  -G-^rdrde 

ri (Y)  9L(r) 


+ 


^  rT  0c(r,Y) 
3Yr,(y)  9  (r) 


rT  6c(r,Y) 

+  p  /  /  tG^rdrd©  (38) 

ri(Y)  0L(r) 


after  inserting  eq.  (34)  i.nto  eq.  (36). 

Here  the  functions  Gj_,  G2>  G3  are  given  by: 


1  ~  RcosBcosp 

nn2  ,3R  +  nU.3R 

2  ~  cosBcosv  3y  2r  30 

_ 2Y _ 3R]/r2 

2cosBcosp  3z  ' 


UV _ 3  .  1 . 3R 

4nr*3z  R2’30 


(39) 


+ 


nV _ i 

2cosBcosp  3z'r2*0Y,J 


In  obtaining  eq.  (38),  use  has  been  made  of 
the  fact  that  by  definition  0c  =9l  at  r  = 
ri,  i.e.  that  the  closure  point  coincides 
with  the  leading  edge  at  the  section  where 
the  cavitation  begins.  By  expressing  p  in 
the  form  shown  in  eq.  (38),  the  problem  of 
calculating  values  of  32T/3t2  and  3-r/3t 
locally  on  the  blade  has  been  avoided.  Her 
the  integrals  of  x  are  evaluated  before  the 
differentiation  is  carried  out. 


Fig.  29  Coordinate  System  and  Notations, 
Propeller 
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Fig.  30  Coordinate  System  and  Notations, 
Cavity 
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Fig.  31  Propeller-induced  Pressure  ?vnpli- 
tudes  on  the  Hull  for  the  First 
Harmonic 

(Comparison  between  Experiments 
and  Calculations) 

This  has  proven  to  be  an  efficient  and  accu¬ 
rate  way  to  determine  the  pressure  field. 

It  is  to  be  noted  that  the  same  equations 
outlined  here,  can  be  used  to  calculate  the 
contribution  from  the  propeller  blade  thick¬ 
ness. 

To  test  the  calculation  procedure, 
values  of  the  cavity  shape  variation  taken 
from  full-scale  stereophoto  measurements 
have  been  used  as  input  to  eq.  (38).  The 
results  are  for  a  350.000  TDW  tanker.  Fig. 
31  displays  a  comparison  between  the  theo¬ 
retically  calculated  and  the  measured  pres¬ 
sure  fluctuations  at  certain  field  points. 

4.2  Numerical  Analysis  of  Hull  Su. .'ace 
Pressure 

Knowing  the  geometry  of  the  cavities 
as  a  function  of  time,  the  corresponding 
periodic  source  distributions  can  be  deter¬ 
mined.  The  numerical  calculations  have 
been  carried  out  by  means  of  Huse's  method 
'25]»  i.e.  the  geometry  of  cavities  on  a 


blade  is  replaced  to  a  set  of  simplified 
cavity  sections  representing  the  cavity 
thickness  and  extention  at  each  radius  of 
the  blade.  The  pressure  fluctuations  in¬ 
duced  on  a  hull  surface  are  to  be  obtained 
from  the  calculated  results  multiplied  by 
the  solid  boundary  factor  of  2.0. 

The  velocity  potential  includes  the  follow¬ 
ing  effects: 

(a)  blade  thickness 

(b)  blade  loading 

(c)  motion  and  volume  variation  of 
cavities 

(d)  tip  vortex  cavities 

4.3  Calculation  Resul'.  ,  of  Hull  Surface 
Pressure 

For  Ship  A  and  B,  the  calculations  on 
hull  surface  pressure  have  been  carried  out. 
The  volume  variation  of  cavitation  for  Ship 
A  is  presented  in  Fig.  32.  The  figure 
shows  the  max.  cavity  thickness  for  various 
radial  sections  as  a  function  of  angular 
blade  positions.  In  Fig.  33  the  pressure 
amplitudes  on  the  hull  surface  for  the  first 
harmcnic  of  blade  rate  frequency  are  dis¬ 
played  in  comparison  with  the  experiments 
for  Ship  A  and  B. 

5.  CONCLUDING  REMARKS 

Development  of  numerical  methods  based 
on  discrete  vortex  elements  has  been  car¬ 
ried  out  for  calculations  of  hydrodynamic 
forces,  pressure  distributions,  amount  of 
blii-ie  cavitation  and  hull  surfv.ce  pressure 
fluctuations  for  propeller /duct  systems: 

The  advantages  of  such  methods  and 
experiences  may  be  summarized  as  follows: 

a)  Relatively  small  numbers  of  discretized 
panels  -  vortex  and  source  elements  - 
are  needed  to  describe  the  lifting 
surfaces  to  obtain  satisfactory  results 
for  practical  use. 

b)  Propeller  as  well  as  propeller/duct 
performance  in  uniform  flow  can  be 
calculated  with  sufficient  accuracv 


-S3  * 
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Fig.  32  .Max.  Cavity  Thickness  for  Various 
Radial  Positions  as  a  Function 
of  Angular  Positions  of  Blade 
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Fig.  33  I'ropeller-incluced  Pressure 

•Amplitudes  on  the  Hull  for  the 
First  Harmonic 

(Comparison  between  Experiments 
and  Calculations) 

for  a  wide  range  of  propeller  designs 
and  advance  ratios  including  bollard 
condition. 

c)  For  propeller  blade  loading  in  non-uni¬ 
form  flow  -  wake  field  and  inclined 
shaft  -  the  calculated  blade  thrust 
fluctuations  compared  with  experiments 
show  good  agreement. 

d)  Tip  flow  studies  on  three-dimensional 
wings  and  propeller  blades  ov  means 
of  flow  visualization  tests  and  pres¬ 
sure  measurements  illustrate  that 
leading  edge  separation  occurs  on  high¬ 
ly  skewed  propeller  and  swept  blades." 
This  strong  vortex  core  influences 
significantly  the  pressure  distribu¬ 
tion  on  the  blades  and  should  be  in¬ 
cluded  in  further  development  of  the 
methods  described. 

e)  To  calculate  the  extent  of  cavitation 
on  a  propeller  two  different 
approaches  have  been  tested: 

(i)  A  two-dimensional  theory  has  been 
applied  in  a  stripwise  manner  mak¬ 
ing  use  of  a  three-dimensional  angle 


of  attack  found  by  using  a  non-cavi- 
tating  lifting  surface  model. 

This  method  shows  reasonable  good 
agreement  compared  to  experiments. 

(ii)  A  three-dimensional  method  has  been 
used  to  calculate  the  cavitation  in 
an  open  water  case.  This  method 
produces  a  single-valued  connection 
between  the  cavi ty  length  and  the 
cavitation  number  contrary  to  what 
happens  in  the  two-dimensional  case. 
This  approach  seems  to  have  very 
promising  features. 

f)  Pressure  fluctuations  on  the  hull  have 
been  calculated  by  using  the  results 
of  predicted  propeller  cavitation  for 
two  full  scale  ships.  From  the  com¬ 
parison  between  the  calculated  and  the 
measured  values  it  may  be  concluded 
that  the  theory  gives  results  of  ac¬ 
ceptable  accuracy  for  practical  use. 
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APPENDIX 


LEADING-EDGE  SEPARATING  VORTEX  AND 
PRESSURE  DISTRIBUTIONS  ON  PROPELLER 
BLADES 


The  leading-edge  separation  forms  a 
sharp  vortex  core  from  the  mid-span  to  the 
tip  along  the  leading-edge  of  a  swept  wing 
or  a  propeller  blade  making  the  flow- 
stable  on  the  suction  side  preventing  stall 
at  laige  angles  of  attack. 

Flow  visualization  tests  have  been 


sections  of  each  wing.  Air  bubbles  are 
supplied  from  a  mini -compressor  through 
thin  nylon  tubes  installed  inside  the 
models . 


SKEWED  CONV. 

TYPE  TYPE 

NO.  OF  BLADES 
DIAMETER 

PITCH  RATIO 

EXP.  AREA  RATIO 
RAXE 

SKEW 

5  5 

0.175m  0.180m  , 

0.970  1.000  1 

0.890  0.650  ' 

o°  io°  ; 

abt.  27°  i  abt.  7°  ■ 

Table  1  Principal  Particulars  of  Propeller 


carried  out  on  two  kinds  of  planar  wing  mod¬ 
els  by  means  of  air  bubble  method,  and  on 
two  propeller  models  with  the  similar  shapes 
of  the  wings  by  means  of  oil  film  method. 
These  flow  patterns  are  compared  with  mea¬ 
sured  pressure  distributions  on  the  plana* 
wings,  and  the  influences  of  LSV  on  the 
characteristics  of  the  blade  are  discussed. 

A  lifting  surface  theory  is  applied  to 
simulate  the  flow  pattern  and  the  pressure 
distributions,  and  non-linear  calculation 


Models 

Fius.A3  and  A4  show  the  pressure  distribu¬ 
tions  measured  at  the  same  condition  as 
Figs.Al  and  A2  on  th-  suction  side  of  CW 
and  SW  respectively.  At  0.6  R  section  the 
pressure  distributions  of  CK  and  SW  are 
very  s'nilar,  while  at  0.9  R  section  the 
region  ..  r  the  chordwise  extent  of  flat  and 
large  negative  pressure  value  of  SK  is  ap¬ 
proximately  twice  of  CW.  This  flat  region 


is  tried  to  investigate  the  influence  of 
such  phenomena  on  the  calculated  results. 

Experiment 

The  flow  visualization  tests  have  been 
carried  out  in  the  Circulating  Water  Channel 
of  Akisnima  Laboratory. 

The  two  planar  wing  models  have  500m/rr. 
span,  same  chord  length  and  section  shape 
with  flat  pressure  side  respectively,  but 
the  outline  (skewness)  of  the  wings  follows 
each  of  the  two  propeller  models.  The  pro¬ 
peller  models  are  of  a  conventional  propel¬ 
ler  and  a  skewed  one  (CP  &  SP  respectively) 
with,  the  particulars  shown  in  Table  1. 

Photos. Ai  and  A2  show  the  results  of  flow 
visualization  on  the  two  kinds  of  planar 
wing  i.e.  with  conventional  typed  blade 
shape  (CK)  and  with  the  skewed  (SK) .  The 
angle  of  attack  (a)  is  15  degrees  at  the 
velocity  (V)  =  1  m/sec. ,  and  air  bubbles 
are  shedding  from  a  small  hole  on  the  lead¬ 
ing-edge  of  noth  wings.  At  such  a  large 
angles  of  attack,  the  extreme  difference  of 
the  flow  patterns  between  CK  and  SK  is 
found,  namely  a  largely  developed  LSV  oc¬ 
curs  on  the  suction  side  of 
SK  and  seems  to  make  the 
flow  stable,  while  nearly 
stalled  and  unstable  flow  or. 

CK. 

Figs. A1-A4  show  the  flow 
patterns  and  the  pressure 
distributions  or.  CK  and  SK 
at  2  =  10  degrees  and  V  =  1 
m/sec.  Figs.Al  and  A2  are 
drawn  from  the  several  pho¬ 
tos  which  were  taker,  at  slow 
shutter  speed  when  ai-  bub¬ 
bles  shedding  from  a  hole 
after  another.  The  holes  Photo. Al  Flow  aroi 

are  placed  on  the  leading-  {a=15*  1 

edge  at  the  several  radial 


of  SK  fully  extends  toward  the  tail  end 
more  than  CK  at  the  0.95  R  section.  Refer¬ 
ring  to  Figs.Al  and  A2  these  regions  ap¬ 
pear  on  the  belts  covered  by  LSV.  Accord¬ 
ingly,  it  is  easily  supposed  that  the  sharp 
er  and  stronger  LSV  in  case  of  SK  induces 
increasingly  flat  and  large  negative  pres¬ 
sure  distributions.  Photos. 3-6  show  the 
results  of  the  tests  by  means  of  oil  film 


Fig -Al  CK 

(a=10°,  V=lrs/sec) 


Fig.A2  SK 

(a=10°,  V=lr./sec) 


;nd  CK 
-lm/sec) 


Photo. A2  Flow  around  SK 

(■1=15°  ,  V=  lm/sec) 


method  for  the  two  krnas  of  propeller  mod¬ 
els.  The  test  conditions  are  at  Reynolds 
number  =  4.3  5.7  x  10^  and  advance  coef¬ 

ficient  (J)  =0.0  and  0.3  in  uniform  flow. 
From  these  pictures  the  regions  of  oil  film 
stripped  off  are  just  located  on  the  same 
regions  of  LSV  which  are  observed  on  the 
planar  wings.  It  was  confirmed  that 
Reynolds  number  around  the  range  mentioned 
above  did  not  affect  the  features  of  LSV 
on  the  propeller  models  mostly. 

Applying  discrete  vortex  elements  (6)/  [26], 
the  lifting  surface  problems  on  the  wings 
are  solved.  The  flow  pattern  of  free  vor¬ 
tices  shedding  from  the  edge  of  the  wings 
is  simulated  by  iterative  calculations  as 
shown  in  Fig.A5  for  CW  at  the  same  condition 
as  in  Fig.Al.  In  comparison  with  the  phenom¬ 
ena  visualized,  the  simulation  seems  to  be 
realistic  on  the  tip  flow  rolling  up  but 
not  enough  on  LSV.  The  calculated  pres¬ 
sure  distributions  are  shown  in  Figs. AG  and 
A7  in  comparison  with  the  measured  values 
for  CW  and  SW,  respectively.  The  good 
agreements  between  them  are  obtained  for 
0.6  R  section  but  not  enough  for  0.95  R 
section  on  each  wing. 

(1)  The  LSV  occurs  on  both  blade  shapes  of 
skewed  and  conventional  type,  and  the 
former  has  sharper  and  stronger  vortex 
core  to  make  the  flow  more  stable  than 
the  latter. 

(2)  In  the  region  of  the  blade  surface 
covered  by  LSV  and  tip  vortex,  flat 
and  large  negative  pressure  distribu¬ 
tions  are  obtained. 

(3)  The  computational  simulation  shows 
realistic  flow  pattern  around  the  wing 
on  the  whole,  and  good  agreements  with 
the  measured  pressure  distributions  in 
case  of  0.6  R  section  of  the  wings. 
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Fig. A3  Measured  Pressure  Distributions 
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Fig.A4  Measured  Pressure  Distributions 
on  SW  (a=10°  ,  V=lm/sec) 
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Discussion 


E. A.  Weitcndorf  and  K.V .  Chao  i hsva; 

rirst  of  all  we  would  like  to  congrat¬ 
ulate  the  authors  for  the  good  calculation 
resuxts. 

Concerning  the  paper  we  have  the  following 
questions: 

1.  Results  of  calculated  cavity  length 

The  results  of  Tigs. 17,  13,  19  seem 
to  be  very  similar  to  results  which  can  be 
obtained  by  conformal  mapping  and  a  closed 
cavity  model.  With  a  closed  cavity  model, 
however,  there  is  a  singularity  at  the  end 
of  the  cavity  sheet.  How  can  such  a  singu¬ 
larity  be  treated  ?  And  in  this  context: 

How  does  the  calculated  pressure  distribu¬ 
tion  for  the  cavitating  condition  look  like  ? 

2.  Boundary  conditions 

Regarding  the  boundary  conditions, 
given  for  instance  in  Eos. (25) , (26) , (27)  of 
the  paper  it  ■  ould  be  interesting  to  know 
how  those  boundary  conditions  could  be 
solved  when  using  an  open  cavity  model. 

3.  Correction  factor  for  the  cavity  thickness 

The  references  No. 22  and  2^  of  paper 
contain  full  scale  results.  In  reference 
No. 22  full  scale  stereophoto  results  of  the 
sheet  cavitation  are  presented.  In  this 
context  we  would  like  to  ask  how  these  full 
scale  results  are  utilised  for  the  calcula¬ 
tions  ?  Is  it  possible  to  show  the  correc¬ 
tion  factors  derived  from  full  scale  inves¬ 
tigations  in  a  kind  of  diagram  ? 

In  reference  23  different  results  are 
given.  On  page  62  of  reference  23,  for 
instance,  was  mentioned  that  the  maximum 
cavitation  thickness  will  be  equal  to  the 
tip  vortex  diameter.  Are  the  results  of 
reference  23  used  in  this  connection  with 
the  tip  vortex  or  in  another  manner  ? 


into  N  uniform  elements  with  a  vortex  at 
a  quarter  chord  point  and  a  control  point 
at  three-quarter  chord  point  of  each  ele¬ 
ment.  ..For  the  steady  two-dimensional  wing, 
James1  showed  that  the  total  lift  is  deter¬ 
mined  exactly  tor  a  flat  plate  or  parabolic 
camber  line  by  this  conventional  VLM  but  it 
always  gives  the  vortex  strength  y(x)  about 
11  %  lower  than  the  exact  solution  at  the 
first  element.  This  difference  on  the  vor¬ 
tex  strength  near  the  leading  edge  will 
result  in  the  significant  error  in  estimat¬ 
ing  the  pressure  distribution  and  the  cavity 
shape  on  blades.  On  the  other  hand,  Lan 
showed  that  the  quasi-VLM  with  cosine  spac¬ 
ing  arrangements  of  both  vortex  and  control 
points  gives  the  exact  vortex  distribution 
for  the  steady  two-dimensional  wing.  There¬ 
fore,  the  quasi-VLM  is  superior  to  the  con¬ 
ventional  VLM  for  estimating  the  pressure 
distribution  and  the  cavity  shape  on  blades. 

(2)  In  the  present  paper,  the  unsteady 
cavitation  patterns  of  the  propeller  operat¬ 
ing  in  non-uniform  flow  was  calculated  by 
quasi-steady  method.  It  is  well  known  that 
there  is  phase  difference  between  the  ob¬ 
served  and  the  calculated  cavitation  pat¬ 
terns.  This  phase  difference  may  come  from 
the  fact  that  quasi-steauy  method  neglects 
the  dynamic  effect  of  a  cavity.  In  Fig. A 
quoted  from  Ref. 3), the  cavitation  patterns 
calculated  with  and  without  phase  correction 
are  compared  with  those  observed  in  cavita¬ 
tion  tunnel.  This  shows  clearly  the  use¬ 
fulness  of  introducing  phase  correction  in 
quasi-steady  method.  The  comparison  be¬ 
tween  the  measured  and  the  calculated  res- 
sure  fluctuations  is  shown  in  rig.B.  The 
results  show  that  agreement  is  better  when 
the  phase  angle  is  corrected  as  in  the  case 
of  cavitation  patterns. 


zrt  **'*7*-*  <Nnt  «0?V 


T.  Hoshinc  wm 


The  authors  are  to  be  congratulated  on 
this  interesting  paper,  but  frankly  speaking 
the  discusser  felt  a  little  bit  hard  to 
follow  the  contents  of  the  paper,  since  so 
many  items  have  been  presented  piece  by 
piece  in  the  paper. 

So,  I  want  to  focus  my  discussion  on 
the  following  two  points  and  ask  the  authors 
comments . 

(1)  The  vortex  lattice  method (VLM)  has 
been  accepted  as  a  very  useful  tool  to  at¬ 
tack  the  various  problems  concerning  pro¬ 
pellers  . 

The  present  paper  adopted  the  conven¬ 
tional  VLM,  in  which  the  chord  is  divided 
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Fig.  A  Comparison  of  cavitation  patterns 
with  and  without  phase  correction 
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My  questions  to  the  authors  are  : 

1.  Are  you  convinced  that  the  vortex  sheets 
of  a  propeller  roll  up  into  discrete  vor¬ 
tices  ? 

2.  Do  you  know  of  any  laser-doppler  meas¬ 
urements  which  confirm  the  correctness  of 
this  vortex  model  ? 


Author’s  Reply 


Propeller  S 


K.  Yuasa 


M«asu'«d  Calculated 

K*s 


Fic.  B  Transverse  distribution  of  blade 
frequency  amplitudes  of  pressure 
fluctuations  (Kj.=0.2,  cn=1.54) 


To  Kaitendorf  and  Chao 

1.  Results  of  calculated  cavity  length 

The  singularities  do  not  present  any 
problem  in  the  numerical  calculations  since 
the  discrete  vortices  and  sources  are  lo¬ 
cated  away  from  the  singular  points.  Thus, 
for  a  finite  number  of  elements  the  vortex 
and  source  elements  are  always  finite. 

As  the  same  basic  equations  are  solved,  the 
results  are  of  course  similar  to  the  results 
obtained  with  conformal  mapping  theory. 

The  pressure  distribution  shows  a  singular 
behaviour,  the  same  as  for  the  conformal 
mapping  solution. 


2.  Boundary  conditions 

In  linearized  form,  the  cavitation 
problem  can  be  formulated  as  a  set  of  cou¬ 
pled,  singular  integral  equations  (25)  to 
(28)  for  a  closed  cavity  model.  In  the 
case  of  an  open  cavity  model,  the  closure 
condition  instead  takes  the  form 
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G.  Dyne  (SSpA) 

The  authors  have  in  their  calculations 
used  the  discrete  vortex  element  method 
developed  at  MIT.  The  free  helical  vortex 
sheets  behind  the  propeller  blades  are  in 
this  method  assumed  to  roll  up  into  discrete 
tip  and  hub  vortices.  This  assumption  has 
the  advantage  that  it  simplifies  the  calcu¬ 
lations,  but  the  question  is:  Is  it  true  ? 
Do  the  vortex  sheets  really  roll  up  in 
discrete  vortices  in  a  similar  vav  to  the 
vortex  sheet  behind  a  wing  of  finite  span  7 

One  consequence  of  the  assumption  is 
that  the  vorticihy  is  concentrated  to  the 
edge  and  the  centerline  of  the  slipstream. 
The  flow  inside  the  slipstream  is  then  the 
same  as  for  a  propeller  with  constant  cir¬ 
culation  along  the  radius.  Also  the  pro¬ 
peller  induced  mean  axial  velocities  must 
then  be  independent  of  the  radius.  Pitot 
tube  measurements  in  the  slipstream  of 
propellers  in  open  water  show,  however, 
that  the  axial  velocity  varies  considerably 
in  the  radial  direction,  which  must  near, 
that  there  is  vorticity  at  almost  all  radii 
of  the  slipstream. 


0 

where  Hi)  is  a  prescribed  value.  The  so¬ 
lution  can  then  be  obtained  in  the  same  way 
as  for  the  closed  cavity  case. 

3-  Correlation  factor  for  the  cavity  thick¬ 
ness 

The  full  scale  stereophoto  results  are 
utilized  for  the  determination  of  the  cor¬ 
rection  factor.  From  the  comparison  between 
tne  full  scale  results  anc  the  calculated 
values,  the  correction  factor  is  chosen  «s 
5.0  in  the  region  of  the  propeller  tip 
decreasing  to  1.0  at  0.8R  of  the  prooeller 
blade. 

In  this  paper,  the  variation  of  the 
tip  vortex  diameter  is  not  considered  in¬ 
dependently,  but  it  is  considered  to  be 
contained  in  the  variation  of  the  sheet 
cavitation. 

To  Hoshino 

In  the  two  dimensional  cavitation  cal¬ 
culations,  several  spacing  arrangements 
have  been  tried.  The  equal  spacing  as  we 
use  has  been  found  to  produce  sufficiently 
accurate  results  for  our  purpose. 
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In  the  first  step  of  the  calculation 
of  propeller  cavitation  in  non-uniform 
wake,  we  apply  the  unsteady  lifting  surface 
theory  by  Hanaoka  -  Koyama  for  the  non- 
cavitating  case.  The  unsteady  cavitation 
pattern  is  then  calculated  by  using  this 
unsteady  solution  to  generate  angles  of 
attack  etc.  Therefore,  the  phase  shift 
caused  by  the  unsteady  loading  is  to  same 
extent  taken  into  account  in  the  present 
method. 


To  Dyne 

We  think  one  should  consider  the  wake 
model  for  what  it  is,  just  a  mathematical 
model  which  seems  to  work  well  in  practice 
We  know  of  measurements  carried  out  at  MIT 
which  confirms  the  contraction  process  but 
not  necessarily  the  details  of  the  roll  up 
However,  we  think  that  it  has  been  clearly 
demonstrated  by  Prof.  Kerwin  and  others  at 
MIT  that  this  wake  model  produces  good 
results . 
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Prediction  of  Propeller-Induced 
Fluctuating  Pressures  and 
Correlation  with  Full-Scale  Data 


Noritane  Chiba,  Takao  Sasajima  and  Tetsuji  Hoshino 
Nagasaki  Experimental  Tank 
Mitsubishi  Heavy  Industries.  Ltd 
Japan 


ABSTRACT 


P 


A  method  is  presented  to  predict  the 
propeller-induced  fluctuating  pressure. 

The  method  consists  of  calculation  of  pres¬ 
sure  distribution  with  unsteady  propeller 
theory,  estimation  of  cavity  shape  and  pre¬ 
diction  of  fluctuating  pressure.  The  cavi¬ 
ty  shape  and  fluctuating  pressure  are  com¬ 
pared  with  the  carefully  conducted  experi¬ 
ments  and  some  empirical  corrections  were 
introduced. 

The  method  was  applied  to  measurements 
in  model  experiments  and  full  scale  data. 
And  it  was  found  that  the  present  method 
gives  good  correlation  with  measurements 
for  the  blade  frequency  components,  but 
further  refinement  of  the  method  is  neces¬ 
sary  for  higher  frequency  components. 

NOMENCLATURE 


C 

P 


Non-dimensional  pressure  on  propel¬ 
ler  blade 


D 


Diameter  of  propeller 


Api 


Pi 

Pt 

Pc 

R 


r 

o 


rb 


s 


S 

c 


e 


Vapour  pressure 


t 


2irh  :  Pitch  of  helical  vortex  sheet  V 

3 

Kr  :  Correction  factor  for  cavity  length  v 

l  a 


Pi 


Non-dimensional  pressure  fluctuation 

=  ^P1 
2_  2 
pn  D 


N  :  Number  of  blades  of  propeller 

n  :  Distance  normal  to  the  propeller 

blade,  and  number  of  revolution  of 
propeller 


Total  pressure  fluctuation 

i-th  blade  frequency  component  of 
pressure  fluctuation 

Pressure  fluctuation  induced  by 
blade  loading 

Pressure  fluctuation  induced  by 
blade  thickness 

Pressure  fluctuation  induced  by 
cavity 

Distance  from  singuarity  element  to 
field  point 

Radius  of  propeller 

Radius  of  propeller  boss 

Distance  along  the  chord  of  the 
blade 

Sectional  area  of  two-dimensional 
cavity 

Time 

Axial  velocity  to  propeller 

Average  axial  induced  velocity 

Average  tangential  induced  velocity 

Axial  velocit,  including  induced 
velocity  =  V  +  v 

3  3 

Resultant  velocity  including  induced 
velocity 

Cylindrical  coordinates  shown  in 
Fig. 1. 
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c 

"L 

"t 

~3 

’1 


~L 


't 
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r 


Thickness  of  rear  end  of  cavity 

Thickness  distribution  of  blade 

Angular  position  with  respect  to 
generating  line 

Angular  position  of  center  of  cavity 

Leading  edge  of  blade 

Trailing  edge  of  blade 

Leading  edge  of  cavity 

Trailing  edge  of  cavity 

Leading  edge  of  cavity  on  two- 
dimensional  wing 

Trailing  edge  of  cavity  on  two- 
dimensional  wing 

Mass  density  of  water 

Local  cavitation  number 

Velocity  potential  due  to  cavitat- 
ing  propeller 

Velocity  potential  due  to  blade 
loading 

Velocity  potential  due  to  blade 
thickness 

Velocity  potential  due  to  cavity 

Angular  position  of  generating  line 
of  a  blade 

Angular  velocity  of  the  propeller 

Tangential  velocity  including 
induced  velocity 


1.  INTRODUCTION 


The  need  for  a  method  to  design  ships 
with  less  vibration  has  been  growing  in  the 
recent  years  with  increasing  requirements 
for  betterment  in  habitality  and  for  avoid¬ 
ing  structural  damages.  The  vibration  is 
induced  by  many  sources,  among  which  a 
propeller  plays  in  many  cases  major  part  of 
it.  Propeller-induced  vibratory  forces 
consist  of  so-called  "propeller  shaft 
forces"  and  "surface  forces".  Propeller 
shaft  forces  come  from  the  time  dependent 
change  of  blade  forces  transmitted  to  hull 
structure  through  the  propeller  shaft. 
Propeller  shaft  forces  can  be  predicted 
with  fairly  good  accuracy  by  existing 
methods  (Ref.l). 

Surface  forces  come  from  the  time 
dependent  change  of  pressure  around  the 
propeller  transmitted  to  the  hull  surface 
through  water.  The  surface  force  is  obtain¬ 
ed  by  integrating  the  pressure  over  the 
hull  surface.  This  pressure  fluctuation  is 
remarkably  increased  by  unsteady  cavity 


which  occurs  on  the  blades  of  a  propeller 
operating  in  non-uniform  flow  field  behind 
a  ship.  The  pressure  fluctuation  thus  in¬ 
creased  by  the  unsteady  cavity  can  cause 
serious  vibration  problems.  Since  ship 
vibration  is  a  combined  result  of  excitation 
force  and  response  of  ship  structure, 
efforts  should  be  directed  not  only  to 
reduce  excitation  force,  but  also  to  de¬ 
crease  response  amplitude  of  ship  structure 
at  the  blade  frequency  and  its  multiplies. 

Usually,  propeller-induced  hull  pres¬ 
sure  in  cavitating  condition  is  predicted 
from  the  model  experiments  in  cavitation 
tunnels  or  in  the  depressurized  towing  tank. 
But  model  experiments  need  much  time  and 
cost  to  be  performed.  Especially,  in  the 
design  stage  of  propeller,  quick  and  cost¬ 
saving  methods  are  demanded.  Therefore, 
theoretical  prediction  methods  are  studied 
by  many  researchers  (Ref s. 2 , 3 , 4 , 5 ,6 , 7) . 

The  most  difficult  point  in  the  theo¬ 
retical  methods  is  how  to  formulate  the 
behavior  of  unsteady  cavity  on  the  propeller 
blade.  This  is  an  unsteady  and  three- 
dimensional  mixed  boundary  value  problem, 
therefore  some  approximations  have  to  be 

1. *Lr^du-cd  co  obtain  a  practical  solutions. 
The  three-dimensional  cavity  is  assumed  to 
be  composed  of  two-dimensional  cavity  at 
each  radius  and  further  the  dynamic  behavior 
of  the  two-dimensional  cavities  is  treated 
with  quasi-steady  approach. 

For  estimation  of  the  shape  of  two- 
dimensional  cavity,  steady  two-dimensional 
cavity  theories,  such  as  Guerst's  (Ref. 8), 
Hanaoka's  (Ref. 9)  and  Nis'niyama's  (Ref.  10) 
are  used  as  a  base.  A  simpler  method,  which 
determines  the  length  of  cavity  from  the 
curve  of  pressure  distribution  and  the 
cavitation  number,  is  also  used  (Refs. 2, 11). 
The  quasi-steady  approach  means  that  a  two- 
dimensional  cavity  on  the  blade  element  is 
determined  only  by  the  instantaneous  flow 
conditions  to  the  blade  element  (obtained  by 
unsteady  theory  of  non-cavitating  propellers) 
such  as  pres_ure  distribution  along  the 
chord,  incident  angle  and  cavitation  number, 
and  the  dynamic  behavior  of  the  cavity  is 
not  considered. 

The  method  of  prediction  presented  in 
this  paper  employs  also  such  two-dimensional 
and  quasi-steady  approximation,  but  is 
characterized  by  that  the  correction  factors 
are  introduced  from  the  comparisons  with 
carefully  conducted  model  experiments  such 
as  measurements  of  cavity  thickness, 
measurements  of  cavity  extents  and  pressure 
fluctuations. 

The  method  was  applied  to  the  model 
experiments  and  further  to  the  full  scale 
data.  The  predicted  pressure  fluctuations 
are  well  correlated  with  the  measured  ones, 
as  far  as  the  first  blade  frequency 
components  are  concerned. 

2.  THEORETICAL  CALCULATION 

The  coordinate  system  and  the  velocity 
diagram  of  the  propeller  are  shown  in  Figs. 

1  and  2.  The  pressure  fluctuation  induced 


-90- 


by  a  cavitating  propeller  is  usually  ex¬ 
pressed  by  the  following  linearized 
equation. 


p(t)  =  +  V*^) 

at  a  X 

a) 

4  =  +  <t  +  *c 

(2) 

In  the  present  method,  the  vortex  distri¬ 
bution  in  eq.  (5)  is  obtained  as  a  result  of 
the  calculation  by  Hanaoka-Koyama 1 s  unsteady 
lifting  surface  theory  (Refs. 12, 13) . 

The  blade  thickness  can  be  replaced  by 
the  source  distribution  along  the  chord. 

The  strergth  of  tne  source  is  approximately 
related  to  blade  thickness  as  follows. 


where  $  is  the  velocity  potential  due  to 
the  three  components,  and  <c. 

1 Velocity  potential  due  to  loading  on 
"■  the  propeller  blades. 


<r,‘ 


jS 


K*  «nt(r,s) 
/ h/'+r2 


(6) 


The  velocity  potential  due  to  the  source  is 


$  :  Velocity  potential  due  to  blade  thick- 
t  ness  of  the  propeller. 

:  Velocity  potential  due  to  cavity  on 
c  the  blade. 

The  velocity  potential  due  to  blade 
loading  is  expressed  with  the  vortex  distri¬ 
bution,  as  follows. 


4",  (x,r,  o,  t) 


_1_ 

4- 


n-1 

k=o 


!ro  /.  2.  ,2  ,  , 
i  / h  rr  or 

-r. 


vt <x,r,  :,t) 


1  ro 


/T3  T2 
/h  i-r' 


dr' 


(7) 


where. 


2  2 

)  -T  +r' 


"-2rr 'cos{4 


The  pressure  fluctuation  cue  to  the  source 
is  as  follows. 


•  [  Wr'.e'.t-T-g)^,!).^ 


t3) 


where , 
2 


Rf"  =  (x-h(?’’+:.*i)  ]2+r2+r,2-2rr'cos 
[  <t-T)  -2—3 


The  vortex  distribution  is  expanded  into 
Fourier  series  as 


Y(r\a',t)  =  •  Y-.  (r '  ,  r  ' )  e1 " '  *fc  (4) 

>=o 


From  eqs. (3)  and  (4) ,  the  pressure  fluctu¬ 
ation  due  to  blade  loading  is  expressed  as 
follows. 


Pt (x,r , t,t) 


.  V* (x-hf 


) +rr  ' .  *  sin  (c-~ 


■ff-*t-2-k/N) 


(8) 


The  sum  of  p, (x,r , C, t)  anc  pt  (x,r ,  i,  t) 
is  the  pressure  fluctuation  induced  by  the 
non-cavitating  propeller.  Strictly  speak¬ 
ing,  p,(x,r,c,t)  is  affected  by  the  occur¬ 
rence  of  unsteady  cavity  on  the  blade,  but 
is  assumed  to  bo  unchanged. 

The  pre:ss-.i’'e  fluctuation  induced  by  the 
unsteady  ca\ it/  rs  obtained  by  expressing 
the  cavity  as  the  time  dependent  source. 

The  strength  of  the  source  of  cavity  is 
related  to  the  shape  of  cavity  as  follows. 


N-l  /r 


p, (x,r, 0, t)  =  -jc  r 


dr' 


k=o  'r. 


oc(r,e,t)  =  + 


-  . . -  —  )-■  (r,r,t)  O) 

/.2X  2 

/  n  +r 


Tt 


i>  ("*t~ — — ) 
Y  i  ( r 1 ,  6 1 )  e 1 A  u  c  N  ' 


*=o 


r1  (x-hC-1  )-rh  sin  (q-C-  1  +f.*t-2rk/N) 


R 


fo 


w*d? 1 

(5) 


where , 


o  o  5  2 

R  2  =  (x-he  1 )  +r  +r 1  ^ 
to 

-2rr  1  cos  (d-e  ’  +Q*t.-^p) 


The  pressure  fluctuation  induced  by  this 
source  is 

,  N-l  er  — - - 

P-.(x,r,o,t)  =  -rr  :  ;  / h  +r 1  2  dr’ 

c  '  k=o  ■'r, 

b 


"3  3oc(r,,«’,t-2-k/fi*N)  1 


3t 
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and  expressed  after  Isay  (Ref. 15)  as  follows, 


«  N_1  (r0  f~ 2 

l  !  0  / )i  +r ' ' 

4  7T  * 

k=o 


,  ( V 1  a* 

c'  u  o*NJ 


V*  (x-h9 1 )  +rr  *  ft*  sin  {  $-5  ■  +f,*t-2"k/N) 

- “3 - du 


In  the  present  method,  the  shape  of 
cavity  on  each  blade  element  is  estimated 
as  follows.  From  the  instantaneous  blade 
loading  calculated  before  and  the  blade 
thickness,  the  pressure  distribution  curve 
or.  the  blade  is  obtained  as  shewn  in  Fig.  3. 
With  the  pressure  distribution  and  the 
local  cavitation  number  which  is  based  on 
the  immersion  of  the  blade  element  at  that 
instance,  the  length  of  cavity  is  determined 
as  in  Fig. 3,  where  C3  satisfies 

the  following  eauation. 


!  "*3 

(ci/co)d> 
>'•2  L  ? 

i  2(VCp)dC 


In  eq.(ll),  Cp  is  assumed  to  be  zero  when 
the  cavity  extends  downstream  of  the  trail¬ 
ing  edge.  The  value  KL=0.25  is  determined 
through  comparisons  with  model  experiments, 
one  of  which  is  shown  in  Fig. 4. 

Another  method  to  estimate  the  length 
of  cavi oy  was  proposed  in  the  previous 
studies  (Refs. 2, 7).  That  is  based  on 
Knapp's  theory  on  dynamic  similarity  for  a 
spherical  bubble  (Ref. 14)  as 


R  =  Kt  / — 


R  :  Bubble  radius 

t  :  Time  for  growth  or  decay  of  a  bubble 

iP:  Pressure  difference  between  inside  and 

outside  of  the  bubble 

t  :  Mass  density  of  liouid 


nc(x)  =  nE- f (C~C1)/(C3-C1) 3  (15) 

where  it  is  assumed  that  m=2. 

The  maximum  thickness  appears  at  the  end  of 
cavity,  was  determined  by  simplifying 

Nishiyama's  formula  (Ref. 10)  as  follows. 

nE  =  2-n0(^3-C1) -C  (16) 

i0  is  the  incident  angle  for  the  equivalent 
two-dimensional  section  which  has  the  same 
vortex  distribution  v(r,9)  as  given  by  ea. 

(3)  . 

To  examine  the  above  simple  expressions, 
the  shape  of  cavity  on  model  propellers  were 
measured  with  the  small  streamline  shaped 
pins  set  normal  to  the  blade.  The  photo¬ 
graphs  of  the  pins  and  measurement  of  cavity 
thickness  are  shown  in  Fig. 5.  Although  the 
pins  also  cavitated,  the  shape  of  cavity  up¬ 
stream  of  the  pins  did  not  seem  to  be 
affected  by  the  cavitating  pins.  By  compar¬ 
ing  the  results  from  the  measurement  with  the 
calculation,  eqs. (15)  and  (16)  are  found  to 
give  a  good  approximation,  as  shown  in  Fig. 6, 
for  the  cavity  shape  if  the  cavity  starts 
from  the  leadina  edge  of  the  propeller  blade. 
In  case  the  cavity  is  net  attached  to  the 
leading  edge,  i.e.  collapsing  stage  of  the 
cavity,  approximation  is  not  so  good,  but 
eqs.  (15)  and  (16)  are  applied  in  the  present 
calculation. 

The  pressure  fluctuation  induced  by 
thus  obtained  cavity  shape  is  approximated 
with  the  assumption  that  the  distance  to  the 
field  point  is  large  compared  with  cavity 
dimension.  Thus;  the  pressure  fluctuation  is 
expressed  by  the  sectional  area  and  trailing 
edge  thickness  of  cavity. 


p  (x,r,c,t)  =  ~ 


N-l  ,r  )4S  3nP 

:  l  °( — ~+w*— £ 
'  k=o  St2  3t 


-+N*n  ' 


The  point  S3  in  Fig. 3  is  determined  as 
the  location  where  the  bubble,  which  has 
grown  in  the  range  from  Zl  to  %2,  decays  to 
the  initial  radius.  Namely,  this  is  ex¬ 
pressed  as  follows. 


v*  (x-x  ) +rr 1  H*sin  (v-6  •'-:.*t-2rk/N) 


t/- (c+C  )  d? 


t> u+C  G4  (13) 

tr 


where  K1  is  an  empirical  factor. 

However,  the  concept  of  replacing  the 
length  of  sheet  cavity  with  the  travelling 
path  of  a  bubble  is  not  yet  fully  under¬ 
stood.  Therefore,  this  concept  is  not 
adopted  in  the  present  method. 

The  thickness  of  cavity  is  determined 
assuming  an  open  model  of  partial  cavity. 


where , 


S  (r’.t)  =  /  h2+r  ’  2  (  3  n  (r 1 ,6  ’  ,t) -d6 ' 
c  ip  c 


pl£ (r '  , t) 


re3 

3  inrMe' 


R.  2  =  (x-1-,9  ’  2+r2+r' 2-2rr 'cos(b-6_+n*t-~ i) 

bo  c  c  n 


From  the  above,  the  total  pressure  fluctua¬ 
tion  is  obtained  as  a  sum  of  p, ,  p,.  and  pc 
in  free  space.  On  the  hull  surface,  the 
solid  boundary  factor  2  is  multiplied  with 
the  sum  ; Ref. 16). 

Several  trials  of  calculation  revealed 
that  the  phase  of  the  change  of  cavity 
extent  on  the  blade  in  calculation  is  about 
20  degrees  in  advance  compared  with  the 
experiments  (Ref. 17).  Therefore,  the 
calculated  phase  of  cavity  is  delayed  by  20 
degrees  as  an  empirical  correction.  Fig. 7 
shows  the  comparison  of  cavity  extent  thus 
calculated  and  those  observed  in  tunnel. 

When  the  pressure  fluctuations  were 
calculated  based  on  the  cavitation  patterns 
predicted  above,  the  results  from  calcula¬ 
tion  were  found  to  be  about  four  times  as 
large  as  those  derived  from  experiments  as 
shown  in  Fig. 8.  Then  the  pressure  fluctua¬ 
tion  induced  by  the  unsteady  cavity  is 
corrected  by  factor  0.25. 

Hence  the  final  form  of  total  pressure 
fluctuation  is  as  follows. 


p (x , r , o, t)  -  2* (pt (x,r,i,t)+p  (x,r, :,t) 

+?pc (x<r ' ’  (13) 

where  it  is  time  lag  corresponding  to  phase 
difference  of  20  degrees. 

The  reasons  why  such  differences  in 
phase  of  cavity  extent  and  pressure  ampli¬ 
tude  occur  are  not  fully  understood,  but 
the  effect  of  hysteresis  of  cavity  will  be 
one  of  them.  The  present  method,  as  in  the 
case  with  all  the  other  published  methods, 
treats  the  dynamic  behavior  of  cavity  in  a 
quasi-steady  sense.  But  in  reality,  the 
shape  of  cavity  is  governed  by  dynamics 
theory. 

As  shown  in  Appendix,  a  simple  con¬ 
sideration  on  this  phenomenon  made  by  re¬ 
placing  the  cavity  by  a  spherical  bubble 
suggests  that  the  solution  of  dynamic 
equation  will  result  in  the  delay  of  cavity 
decay.  Therefore,  the  corrections  for  the 
calculated  results  in  terms  of  the  phase  of 
cavity  extent  may  be  interpreted  as  effect 
of  dynamic  behavicr  of  cavity. 

3.  MODEL  EXPERIMENTS 

Model  experiments  supply  data  for 
individual  requirement,  but  experimental 
data  are  subject  to  errors  coming  from  many 
sources  such  as  test  conditions,  size  of 
model,  etc.  In  case  of  validating  a  pre¬ 
diction  method  or  determining  empirical 
correction  factors  therein,  extreme  care 
should  be  taken  to  choose  reliable  data. 

In  this  section,  is  described  how  the 
experiments  are  made  in  Nagasaki  Experi¬ 
mental  Tank  to  obtain  reliable  data  to 
check  and  correct  the  calculation  method  in 
the  preceding  section. 

3.1  Measuring  System  of  Pressure 

Fluctuation 


The  measuring  section  of  cavitation 
tunnel  is  500  mm  square  and  the  flow  field 
is  simulated  with  wire  mesh  screen  and  dummy 
stern.  Pressure  fluctuation  is  measured,  in 
most  cases,  with  the  pressure  transducers 
set  flush  with  the  flat  plate  above  the 
propeller.  The  scheme  is  shown  in  Fig. 9. 

The  flat  plate  is  supported  by  the  four 
struts,  which  penetrate  the  upper  window  of 
the  tunnel  and  are  connected  to  the  flexures. 
The  flexibility  of  the  flexures  was  so 
selected  that  the  resonant  frequency  of  the 
system  is  far  below  the  blade  frequency  of 
usual  tests.  The  frequency  characteristics 
were  also  examined  by  changing  the  propeller 
revolutions  at  the  same  advance  ratio  and 
cavitation  number.  The  non-dimensional 
pressure  coefficients  Kp’s,  plotted  over  the 
propeller  revolutions  are  almost  flat  as 
shown  in  Fig. 10.  That  is,  there  is  not  a 
resonant  frequency  within  the  range  of  usual 
operations. 

3. 2  Effect  of  Air  Content 

It  is  known  that  dissolved  air  or  free 
air  bubbles  in  water  affect  the  measured 
value  of  pressure  fluctuation  (Refs. 18, 19, 

20) .  The  effect  of  air  content  was  also 
examined  in  our  tunnel.  Fig. 11  shows  the 
pressure  signals  and  its  harmonic  components 
obtained  for  the  air  content  ratios  a/as  of 
10%  and  36%.  The  pressure  signals  are 
regular  with  higher  air  content,  correspond¬ 
ing  to  more  stable  cavitation  pattern  on  the 
blades.  The  decrease  of  blade  rate  com¬ 
ponents  and  the  increase  of  other  components 
might  come  from  the  instability  of  the  cavi¬ 
ty.  As  a  ~rtctice,  therefore  air  content 
is  kept  above  30%  of  saturation  in  measure¬ 
ments  of  pressure  fluctuation.  This 
tendency  is  in  accordance  with  the  results 
of  SSPA' (Ref .20) . 

3.3  Vail  Effect 

To  check  the  degree  of  wail  effect  due 
to  the  reflection  of  pressure  from  the  wall, 
two  geometrically  similar  propellers  were 
tested  in  the  flow  field  made  similar  to  the 
propellers.  The  measurements  were  carried 
out  in  the  same  advance  ratio,  cavitation 
number  and  tip  clearance  ratio.  The  measur¬ 
ed  pressure  signals  and  the  Fourier  coef¬ 
ficients  of  pressure  fluctuations  Kp’s  are 
compared  in  Fig. 12.  This  figure  shows 
relatively  good  similarity  between  the 
results  from  the  two  propellers.  Therefore, 
che  wall  effect  on  the  pressure  fluctuation 
is  thought  to  be  relatively  small  and  no 
correction  is  made  as  a  practice. 

4 .  COMPARISONS  KITH  MEASUREMENTS 

In  order  to  examine  the  applicability 
of  the  present  method  to  predict  pressure 
fluctuation,  comparisons  were  made  between 
calculations  and  measurements.  The  measure¬ 
ments  include  model  experiments  and  full 
scale  measurements. 

For  correction  with  model  experiments. 
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those  data  were  chosen  wnrcn  are  competent 
for  the  assumption  of  the  calculation, 
especially  with  stable  cavity  appearing 
when  a  blade  passes  wake  peak.  The  correla¬ 
tion  was  examined,  therefore,  for  the  cases 
of  relatively  high  wake  peak,  not  too  large 
blade  area  ratio  and  the  tests  carried  out 
with  air  content  j/js  over  30%.  Model 
propellers  for  several  kinds  of  ships  were 
included  viz.,  full  ships  such  as  tankers 
and  high  speed  container  ships.  Fig. 13 
shows  the  measured  pressure  fluctuations 
plotted  over  the  calculated  ones.  The 
calculated  values  of  the  first  blade 
frequency  components  are  in  good  correlation 
with  those  of  measurements.  But  as  for  the 
twice  blade  frequency  components,  correla¬ 
tion  is  not  so  good. 

In  full  scale  measurements,  the  pres¬ 
sure  flucuations  were  measured  with  the 
pressure  transducers  mounted  flush  with  the 
hull  plate.  In  predicting  the  full  scale 
pressure  fluctuations  by  the  present  method , 
both  axial  and  tangential  components  of  wake 
were  taken  into  account.  The  axial  com¬ 
ponent  in  full  scale  was  estimated  by  shift¬ 
ing  inward  the  wake  contour  curves,  so  as 
to  make  the  mean  wake  to  be  the  same  as  that 
of  full  scale.  The  tangential  component  was 
retained  as  measured  on  model  ship  in  the 
towing  tank.  The  local  cavitation  number 
changed  with  the  change  of  immersion  of  the 
blade  due  to  rotation.  Fig. 14  shows  the 
comparisons  of  pressure  fluctuations. 

The  ships  were  discriminated  by  the  marks, 

O .  A , a  etc.  The  blade  frequency  com¬ 
ponents  show  relatively  good  correlation 
between  prediction  and  measurement.  But 
the  twice  blade  frequency  components  do  not. 

From  the  above,  it  can  be  said  that 
the  present  method  can  predict  the  first 
blade  frequency  component  of  pressure 
fluctuation,  but  further  studies  are 
necessary  to  improve  the  accuracy  in  higher 
order  frequency  components. 

5.  CONCLUSION 

A  method  of  predicting  the  propeller- 
induced  pressure  fluctuation  is  presented. 
This  method  consists  of  calculation  of 
unsteady  pressure  distribution  on  the 
blade,  estimation  of  shape  of  cavity  with 
quas: -steady  approach  and  calculation  of 
pressure  from  the  above.  For  practical 
purposes,  a  relatively  simple  theoretical 
consideration  is  adopted  together  with 
empirical  correction  factors.  The  correc¬ 
tions  were  made  for  the  phase  of  variation 
in  cavity  extent  and  for  the  pressure 
fluctuations  by  comparing  with  the  careful¬ 
ly  conducted  experiments. 

The  pressure  fluctuations  calculated 
by  the  present  method  were  compared  with 
the  model  experiments  and  further  compared 
with  full  scale  measurements.  It  is  shown 
that  the  present  method  can  predict  well 
the  blade  frequency  components,  but  cor¬ 
relation  for  the  twice  blade  frequency  com¬ 
ponents  is  not  good.  It  is  suggested  that 
the  dynamic  behavior  of  cavity  needs  to  be 


investigated  in  the  future  studies  to  in¬ 
crease  the  accuracy  of  this  method.  Im¬ 
provement  of  theory  will  be  expected  by 
further  measurements  of  ca%-ity  shape. 
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APPENDIX 

The  cavity  extent  calculated  by  eg.  (11) 
is  well  correspondent  to  the  observed  one 
when  the  shift  of  blade  position  is 
introduced  by  about  20  degrees.  The  reason 
of  the  shift  may  be  explained  by  the  follow¬ 
ing  consideration. 

The  calculated  volume  of  the  cavity 
changes  as  shown  in  Fig. A.  As  explained  in 
Section  2,  the  cavity  is  treated  in  a 
quasi-steadv  manner.  But  in  reality,  the 
cavity  changes  its  volume  according  to  the 
pressure  difference  between  inside  and  out¬ 
side  of  the  cavity.  If  the  cavity  is  assum¬ 
ed  to  be  a  spherical  bubble  with  the  same 
volume  as  the  cavity,  its  radius  R  changes 
as  follows. 

RR  +  |(R)  =  (A-l ) 

where  p  is  the  pressure  outside  of  the 
bubble,  e  is  the  pressure  inside  of  the 
bubble,  and  surface  tension  is  neglected. 

The  change  of  volume  of  the  cavity  shown 
in  Fig. A  was  calculated  according  to  eq. 
(A-l).  The  pressure  outside  of  the  bubble 
was  assumed  to  be  equal  to  that  at  the 
point,  70%  chord  from  leading  edge  at  0.9R. 
The  volume  change  of  cavity  calculated  with 
(A-l)  is  also  shown  in  Fig.  A.  The  volume 
decreases  more  slowly  than  t!  -'t  calculated 
by  the  quasi-steadv  method,  .nis  will 
cause  the  delay  of  phase  of  cavity. 
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Discussion 


C.S  Lee  i KRIS) 

An  ability  to  predict  the  transient 
cavity  on  a  propeller  working  in  a  highly 
non-uniform  ship  wake  is  needed  for  the 
resolution  of  ship  hull  vibration  and  noise 
problems.  The  authors  should  be  praised 
for  their  contributions  to  this  not-that- 
easy  problem. 

The  authors  seem  to  me  to  suffer  from 
the  overprediction  of  cavity  extent  and 
the  phase  difference.  I  suppose  thau 
a  more  refined  calculation  of  vorticjty 
distribution,  through  an  iteration  process 
if  necessary,  may  be  necessary  for  the 
correct  prediction  of  cavity  extent.  In 
this  connection  Fourier  series  representa¬ 
tion  of  vorticity  distribution,  Eq.(4),may 
not  be  suitable.  If  the  time-derivative 
term  in  Eq. (1)  is  considered  at  the  same 
time,  the  phase  lead  may  also  be  resolved. 

I'd  like  to  hear  author's  opinion  on 
this  comment. 


H.  Isshiki  (Hitachi  S  &  E) 

The  authors  introduce  several  empirical 
corrections:  0.25  for  KL  in  Eq. (11) ,  20 
degrees  for  the  phase  delay  angle  of  the 
cavity  extent  and  1/4  as  the  correction 
factor  for  pc  in  Eq,(18).  Are  these  values 
applicable  to  the  wide  range  of  ship  and 
propeller  combinations. 

The  authors  use  Rayleigh's  eq.  of 
motion  of  a  (free)  bubble  to  explain  the 
differences  in  the  phase  delay  of  the  cavi¬ 
ty  extent  and  pressure  amplitude  between 
the  theory  and  the  experiment.  I  wonder, 
then,  if  "the  effect  of  hysteresis  of  cavi¬ 
ty"  means  the  virtual  inertia  effect  of  the 
cavity  bubble  due  to  the  surrounding  water. 

According  to  the  Eq.(A-l)  of  a  free 
bubble  motion,  the  free  bubble  increases 
or  decreases  its  size  unboundedly  under  a 
constant  pressure  outside  the  bubble, 
because  there  is  no  restoring  force.  On 
the  otherhand,  the  bubble  on  the  foil  has 
an  equilibrium,  and  this  equilibrium  may 
be  stable  under  proper  conditions.  There¬ 
fore,  the  dynamic  similarity  between  the 
free  bubble  and  the  cavity  bubble  on  the 
foil  should  be  a  limited  one,  and  should 
be  used  with  a  proper  limitation. 


E.A.  Weitendorf  (hsva> 

(1)  Calculated  results  of  pressure 
fluctuations  due  to  cavitation  (as  the  au¬ 
thors  did)  may  be  sufficient  from  an  engi¬ 
neering  standpoint  by  applying  a  correcting 
factor  of  0.25  (Fig. 8)  in  order  to  get  good 
agreement  between  measurement  and  calcula¬ 
tion;  but  from  a  scientific  point  of  view  one 
should  try  to  find  the  real  reasons  of  the 


difference  between  calculated  and  measured 
results . 

(2)  Fig.  10  of  ;he  paper  shows  accord 
to  my  opinion  the  in  ’uence  of  bubble  dy¬ 
namics  and  Reynolds  effect  on  the  pressure 
impulses  and  it  is  not  clear  (as  the  autiiors 
said)  that  there  is  no  resonance  effect  in 
the  measured  results,  "sing  propellers  of 
186mm  and  150mm  is  insufficient  m  spite  of 
my  personal  hope  that  there  is  no  influence 
of  the  wall  effect  to  investigate  this  influ¬ 
ence  and  the  wall  effect. 

Fig.l  Tank  Overh. 

Fig. 2  Mediumsized  HSVA  Tunnel o  570mm 

Fii  1  Large  HSVA  Tunnel o  750mm 

F  ‘y  'he  pressure  impulses  including 
their  u  t  5 armoni os  depend  of  the  cavity 
volume  -•  ..eve.  ipment  and  not  on  its  shape  in 
respect  co  time  in  the  ships  wake  field  in 
contest  with  bubble  dynamics.  Reference  on 
this  can  be  given; 

Zimmermann,B. :  "Calculation  of  the  Unsta¬ 
tionary  Pressure  on  a  Plate,  Caused  by  Cavi¬ 
tation  Areas  on  Propeller  Blades  (in  German)", 
Report  362,lnstitut  ftir  Schiffbau  der  Univ. 
Hamburg,  1977 
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N.  Chiba  (MHi) 

We  wish  to  thank  alx  the  discussers 
for  their  valuable  contributions. 

Dr.  Chang-Sup  Lee's  comments  are  con¬ 
cerned  with  the  calculation  method  of  vortex 
distribution.  In  this  paper,  pressure  on 
the  blade  in  non-cavitating  condition  is 
used  as  the  base  to  calculate  the  cavity 
extent.  Therefore,  the  iteration  process 
is  not  necessary  to  get  the  cavity  extent 
And  in  this  sense,  Fourier  series  expres¬ 
sion  of  vorticity  is  one  of  the  suitable 
method  to  express  non-cavitating  condition. 
But  as  we  do  not  chink  that  the  present 
method  is  not  the  final  goal  of  this  study, 
the  methods  such  as  proposed  by  Dr.  Lee  in 
this  symposium  will  be  discussed  in  our 


future  studies  to  improve  the  accuracy  of 
prediction  method. 

Dr.  Isshiki  asked  first  the  applica¬ 
bility  of  the  correction  factors.  The 
extensive  calculation  was  made  by  one  of 
the  authors  on  propellers  including  those 
with  high  skew  or  with  ''■•■■ying  pitch  dis¬ 
tributions.  The  result  .howed  fairly  good 
correlation  with  experim  s.  The  results 
will  be  presented  at  the  n  sting  of  the 
Society  of  Naval  Architects  of  Japan  in  the 
coming  autumn. 

As  for  the  second  discussion  of  Dr. 
Isshiki,  ."q . A- 1  had  been  used  in  the  pre¬ 
vious  study  of  one  of  the  authors  on  the 
behavior  of  cavity  bubbles  on  an  oscillating 
hydrofoil  and  well  explained  the  tendency 
of  phenomena.  Then  Eq.A-1  was  used  here  to 
try  to  explain  the  difference  of  phase  of 
20c . 

The  authors  agree  with  the  first  com¬ 
ment  of  Dr.  Weitendorf.  Of  course,  we  are 
going  to  study  further  theoretically  and 
experimentally.  Especially  in  experimental 
studies,  it  will  be  necessay  to  measure 
cavity  shapes  on  much  more  propellers  in 
many  cavitation  tunnels  and  in  full  scale 
and  correlate  them  to  pressure  fluctuations. 
The  second  discussion  of  Dr.  Weitendorf  is 
concerned  with  wall  effect.  From  our  ex¬ 
perience,  the  measured  pressure  amplitude 
with  resonance  became  two  or  three  times  as 
large  as  those  without  resonance.  In  Fig. 

10,  there  is  no  such  pressure  amplitudes. 

So  it  is  recognized  that  there  is  no  such 
resonance  in  the  measuring  system.  Although 
it  may  be  insufficient  to  conclude  from  Fig. 
12  that  there  is  no  wall  effect  at  all  in 
physical  meaning,  this  figure  can  tell  us  the 
wall  effect  is  so  small  that  the  correction 
for  the  measured  pressure  will  not  be  nec¬ 
essary  in  practical  sense.  To  confirm  this, 
further  studies  are  going  to  be  planned  in 
Nagasaki  Experimental  Tank  on  wall  effect 
in  such  a  way  as  Dr.  Huse  or  Dr.  Weitendorf 
indicated . 
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ABSTRACT 

Some  new  applications  are  made  of  'free 
streamline"  or  cavity  flow  theory  to  both 
non-cavitating  flows  involving  wakes  and 
separation  bubbles,  and  to  cavitating  flows. 

A  method  for  the  prediction  of  turbu¬ 
lent  separated  wake  or  separation  bubble 
pressures  is  developed  resulting  in  a  simple 
relation  between  forebody  drag  coefficient, 
cavity  length,  wake  pressure,  and  two 
viscous  parameters:  the  boundary  layer  shape 
parameter  11^  at  the  rear  of  the  separation 
bubble,  and  the  friction  coefficient  acting 
on  the  dividing  streamline  between  the  ex¬ 
ternal  flow  and  the  separated  region.  The 
problem  is  closed  using  relationships  be¬ 
tween  cavity  drag,  cavity  length,  and  wake 
pressure  coefficient,  based  on  cavity  flow 
(inviscid)  theory.  The  utility  of  the  re¬ 
sults  is  demonstrated  m  application  to  the 
wake  flow  past  a  vertical  flat  plate  and  a 
thin  double  wedge  airfoil  at  incidence. 

A  new  physical  model  of  the  flow  past 
cavitatir.g  bodies  is  suggested  allowing  for 
a  post-cavity  separation  and  deceleration 
zone  in  which  the  forebody  drag  is  realized 
in  momentum  loss  in  the  external  flow.  This 
loss  is  brought  about  by  friction  on  the 
dividing  streamline  behind  the  cavity,  which 
separates  the  external  flow  and  a  closed 
separated  region  containing  recirculating 
eddies . 

A  recent  theory  for  the  prediction  of 
flows  with  attached  leading  edge  cavities 
is  reviewed  and  comparisions  of  results  are 
made  with  measurements.  The  theory  is  based 
on  a  perturbation  on  a  fully  wetted  flow 
which  is  applied  to  both  planar  and  three- 
dimensional  flow  past  lifting  foils. 

New  results  relating  to  unsteady  sheet 
cavitation  are  given,  based  on  a  recent 
theory  which  is  applicable  to  typical  foil 


sections  operating  in  wakes.  It  is  shown 
that  growing  cavities  are  reduced  in  length 
relative  to  steady  cavities  and  collapsing 
cavities  increased  in  length,  leading  to  a 
hysteresis-like  behavior  as  observed  in 
practice.  The  theory  is  also  used  to  explain 
why  only  the  shorter  of  the  two  cavities  pre¬ 
dicted  in  steady  theory  is  observed  (the 
longer  is  unstable). 


NOMENCLATURE 

AR  Aspect  ratio  of  wings.  (Span) 2 /area 

a  Parameter  related  to  cavity  length 

a„  Parameter  related  to  laminar  flow 

characteristics  of  bodies 

B  Parameter  related  to  the  wing  span 

c  Chord  length  of  foils  or  bodies 

CD  Drag  coefficient  of  foils  or  bodies 

* 

CD  Drag  coefficient  of  the  pseudo-body 

* 

Cf  Frictional  coefficient  of  the 

pseudo-body 

C,  Total  lift  coefficient  of  foils 

or  wings 

C.  Lift  coefficient  of  foils  or  wings 

uo  due  to  fully-wetted  flow 

C,  Additional  lift  coefficient  of 

Li  foils  or  wings  due  to  leading  edge 

cavitation 

C  Pressure  coefficient 

P 

C  Shear  stress  coefficient 

s 
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Thrust  force  coefficient  of  foils 
due  to  finite  nose  radius 

Jones'  correction  factor, 
wing  semi-perimenter/span 

Form  factor  related  to  viscous 
flow  characteristics 

Thickness  of  wake  behind  cavity 
Boundary-layer  shape  parameter, 
■$*/9 

Semi-width  of  normal  plates 

Denotes  imaginary  part  of 

Parameter  related  to  cavity  length 
and  drag 

Parameter  related  to  drag  and 
suction  force 

Cavity  (or  wake)  length 

Time  rate  change  of  cavity  length, 


M,N  Constants  in  formula  for  complex 

potential 

M  (t)  Time-dependent  source  strength 

p  Cavity  (or  wake)  pressure 

c 

p^  Free  stream  pressure 

q  Cavity  (or  wake)  speed 


Cavity  speed  along  s 

Local  flow  speed  due  to  fully 
wetted  flow 

Local  flow  speed  due  to  leading 
edge  cavitation 

Free  stream  speed 


qoQ  Component  of  qQ  due  to  incidence 

q  ^  Component  of  q  due  to  foil 

0,T  thickness  ° 


Reynolds  number  based  on  chord 
length 

Reynolds  number  based  on  cavity 
(or  wake)  length 

Denotes  rear  part  of 

Leading  edge  (nose)  radius  of  foils 

Direction  along  the  sheet  cavity 

Cavity  surface 


Foil  wetted  surface 

Foil  surface  lieing  under  the 
cavity 

Time 

Velocity  component  in  x,  y 
coordinates 

Velocity  on  cavity 


Velocity  component  along  s 
direction 

Velocity  component  along  n 
direction 

Cavity  volume 

Time  rate  of  chage  of  cavity  volume, 

dV 

dt 

Horizontal  and  ver“-ic.a.l  ordinates 
in  physical  plane 

Complex  variable,  x  +  iy 
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Incidence  of  foils  or  wings 


Maximum  cavity  thickness 

Boundary  layer  displacement 
thickness 

Complex  variable,  t,  +  in' 

Vertical  and  horizontal  ordinates 
in  transformed  C-plane 
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Direction  normal  to  sheet  cavity 


Local  fully-wetted  flow  angle 

Local  flow  angle  due  to  leading 
edge  cavitation 

Boundary  layer  momentum  thickness 
Fluid  density 
Cavitation  number 
Acceleration  number 


Shear  stress 


i  Scalar  potential 

I  Scalar  potential  due  to  fully 

°  wetted  flow 

Scalar  potential  due  to  leading 
edge  cavitation 

■f  Complex  potential,  (,  +  i- 

v  Stream  function 

7 '  Complex  velocity,  d'7/dz 

7  ’  Complex  velocity  due  to  fully- 

wet  ted  flow 

V  '  Complex  velocity  due  to  leading 

edge  cavitation 

m  Hodograph  variable,  inf' 

a  Hodograph  variable,  tnT  ',  due  to 

"  fully  wetted  flow 

m  Hodograph  variable,  in’?,',  &  i  to 

leading  edge  cavitation 

w  Frequency  of  oscillation 

Subscripts: 

2D  Denotes  two  dimensional  flow 

3D  Denotes  three  dimensional  flow 


introduction 

Free  streamline,  or  cavity  flow  theory 
in  its  classical  form  deals  with  flows  past 
objects  which  are  bounded  in  part  by  se¬ 
parated  regions  (whether  we  call  them  cavities 
or  wakes)  throughout  which  the  pressure  is 
constant  or  almost  so  at  any  particular  in¬ 
stant,  We  may  distinguish  three  main  types 
of  these  separated  regions: 

Type  A) :  "Wakes”  and  "Separation  Bubbles," 
filled  with  the  same  fluid  (in  the  same 
phase)  as  in  the  external  flow,  but  wherein 
the  motion  of  the  contained  fluid  is  too 
slow  to  support  substantial  pressure  gradi¬ 
ents.  In  this  case  the  external  and  in¬ 
ternal  flows  are  separated  by  a  viscous 
shear  layer  within  which  important  shear 
stresses  are  generated. 

Type  B):  "Cavities,"  filled  for  the  most  part 
with  the  vapor  or  gas  phase  of  the  fluid  in 
the  external  flow,  and  within  which  the  gas 
density  is  negligible  except  in  the  extreme 
case  of  certain  cryogenic  fluids. 

Type  C) :  "Ventilated  Cavities,"  filled  with 
a  non-condensible  gas  which  is  essentially 
foreign  to  the  fluid  in  the  external  flow. 

Examples  of  these  three  types  (A,B,  and 
C)  of  separated  regions  abound  in  engineer¬ 
ing  practice,  both  in  the  marine  and  other 
fields.  They  include: 

A.)  Stabilized  wakes  behind  blunt  bodies 
and  essentially  planar  foils  at  sufficiently 
high  (stalled)  incidence,  both  isolated  and 
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comprising  elements  in  cascade. 

Leading  edge  separation  bubbles  on 
planar  foils  and  highly  swept  wings,  such 
as  deltas. 

B.  )  Long  cavities  (supercavitation)  be¬ 
hind  propeller,  hydrofoil,  and  pump  elements 
operating  at  sufficiently  high  speeds. 

Short  cavities  (partial  or  leading 
edge)  on  propellers,  impellers  and  foils. 

C. )  Long  cavities  (supercavitation) 
behind  propellers  either  partially  submerged 
or  ventilated,  and  hydrofoil  elements  venti¬ 
lated  to  the  atmosphere 

Long  cavities  behind  objects  entering 
the  water  at  high  speeds. 

These  flows  involve  a  rich  variety  of 
physical  phenomena,  of  both  viscous  and  in- 
viscid  nature.  Fortunately,  the  viscous 
effects  can  often  be  modeled  or  der.lt  with 
in  such  a  way  that  the  external  flow  can  be 
treated  as  essentially  inviscid  and  potential 
flow  mathematics  can  be  invoked.  Indeed, 
the  subject  has  benefilted  enormously  from 
the  application  of  a  variety  of  powerful 
mathematical  techniques  involving  analyti¬ 
cal  functions  and  mappings,  singular  inte¬ 
gral  equations,  and  small  perturbation  ex¬ 
pansions.  All  these  developments  were  given 
birth  over  a  hundred  years  ago  with  the  in¬ 
vention  of  the  hodograph  mapping  technique 
by  Helmholtz  and  Kirchoff  in  an  attempt  to 
model  Type  A  flows  with  resistance. 

Application  of  free  streamline  theory 
to  Type  B  and  C  flows,  particularly  in  the 
marine  field,  received  very  strong  stimu¬ 
lation  about  twenty-five  years  ago  with  the 
development  of  linearized  theory,  its  appli¬ 
cation  to  efficient  foil  design,  and  the 
use  of  those  foils  in  actual  supercavitating 
propellers.  In  the  two  decades  following 
these  events,  a  wide  variety  of  problems  of 
Type  B  and  C  have  been  taken  up  and  solved, 
and  particularly  those  in  the  supercavita¬ 
ting  regime. 

Although  problems  yet  remain  unsolved 
in  this  regime,  and  especially  of  a  three- 
dimensional  nature,  activity  has  abated. 
However ,  significant  developments  have  and 
still  are  taking  place  on  both  problems 
(Type  B)  involving  short  and  unsteady  cavi¬ 
ties  produced  by  cavitation,  and  on  problems 
(Type  A)  involving  wakes  and  separation 
bubbles.  These  are  problems  which  arise  in 
extremely  important  practical  contexts  in 
engineering . 

In  the  present  paper  we  shall- 

I . )  Discuss  briefly  the  physics  and 
physical  modeling  of  cavity  flows.  Present 
a  simple  new  theory  by  the  present  authors 
correcting  the  viscous  and  inviscid  aspects 
°c  Type  A  flows,  and  thereby  allowing  cal- 
iation  of  the  wake  or  bubble  pressure 
coefficient.  Apply  this  theory  to  turbulent 
leading  edge  separation  on  a  sharp  nosed 
double  wedge  airfoil,  and  to  a  vertical  flat 
plate  with  stabilized  trailing  wake,  for 
comparison  with  experiments. 

II.)  Describe  briefly  new  theory  and 
results  obtained  by  the  present  authors  with¬ 
in  the  last  few  years  on  the  subject  of 
steady  leading  edge  cavities,  Type  B,  as  are 


normally  experienced  by  the  blades  of  ship 
propellers  operating  in  wakes. 

III.)  Present  the  results  of  a  new  ana¬ 
lysis  of  unsteady  sheet  cavitation,  parti¬ 
cularly  as  it  pertains  to  leading  edge 
cavities. 

I .  THE  PHYSICS  AND  MODELING  OF  CAVITY  FLOWS 

The  length  of  a  cavity  is  determined  by 
many  factors,  notably:  the  forebody  drag, 
the  pressure  coefficient  in  the  cavity  ( — c ) ; 
gravity;  interference  with  other  bodies  and 
bounding  surfaces:  unsteady  effects;  see 
Tulin  f 1 j .  The  cavity  length  is,  however, 
generally  finite;  exceptions  are  brought 
about  by  strong  blockage  caused  by  operation 
between  walls  or  in  cascades,  or  grid  ar¬ 
rangements. 

A  cavity  results  in  or  is  associated 
with  a  resistance  on  the  body  to  which  it 
attaches,  except  in  certain  pathological 
cases  of  Type  C  flows.  These  have  been 
discussed  by  Tulin  ‘12.  from  which  Figure  1 
is  taker.. 
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tar  downstream  of  a  cavity,  a  trailing 
momentum  wake  must  exist,  in  which  the  magni¬ 
tude  of  momentum  loss  must  reflect  the  cavity 
resistance  of  the  body  (as  well  as  other 
sources  of  resistance,  should  they  be  pre¬ 
sent).  Thus  the  modeling  of  a  flow  involv¬ 
ing  a  cavity  must  be  accompanied  by  a  model¬ 
ing  of  the  wake,  too.  This  was  pointed  out 
by  Tulin  [1],  see  Figure  2,  from  whom  we 
quote  below: 
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FIGURE  2  -  A  CAVITY  FLOW  WITH  WAKE 
(SCHEMATIC),  U  =  q 
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FROM:  TULIN  [1) 


"A  viscous  wake,  trailing  to  infinity 
downstream,  ~ust  exist  behind  a  real  finite 
cavity  in  nature.  Momentum  considerations 
require  that  the  forebody  drag  experienced 
by  a  real  supercavitating  body  be  manifested 
by  a  momentum  defect  in  the  far  wake  behind 
the  body  and  its  cavity.  Cavity  drag  must 
therefore  manifest  itself  in  much  the  same 
way  as  friction  and  form  drag  do  in  the  flow 
past  a  body  without  a  cavity.  In  this  lat¬ 
ter  case,  it  is  a  matter  of  experience  that 
the  displacement  thickness  of  the  wake  gene¬ 
rally  decreases  continuously  from  the  re¬ 
gion  right  behind  the  body,  toward  an 
asymptotic  value  equal  to  the  momentum  thick¬ 
ness;  this  behaviour  is  due  to  the  continual 
downstream  smoothing  of  the  blunt  wake  pro¬ 
file  found  close  to  the  body  itself.  We 
should  expect  precisely  the  same  behaviour 
of  the  cavity-wake  displacement  thickness 
since  the  wake  profile  must  be  most  blunt  in 
the  turbulent  region  just  behind  cavity  col- 
lapes  -  the  region  where  the  momentum  losses 
are  actually  experienced  by  the  fluid.  The 
effect  of  the  wake  on  the  outer  potential 
flow  may  be  determined  by  replacing  it  with 
a  body  whose  thickness  is  taken  equal  to 
tne  wake  displacement  thickness.  The  asymp¬ 
totic  thickness  is  thus  f(°°)/c  =  CQ/2. 

For  blunt  bodies,  whose  drag  coefficient 
is  0(1),  the  wake  thickness  is  about  the 
same  size  as  the  body  itself,  and  shoud  ntt 
therefore  be  neglected  in  any  proper  model 
of  the  flow.  At  the  same  time,  the  wake 
thickness  is  seen  to  be  somewhat  thinner 
than  the  body  width  for  CQ<2,  as  is  always 
the  case  for  small  and  moderate  values  of 
c(c<l):  therefore,  a  proper  model  must 
neither  ignore  the  wake  nor  involve  too  wi^e 
a  trailing  wake. 

For  slender  bodies,  whose  drag  coef¬ 
ficient  is  of  the  order  of  the  body  thick¬ 
ness  or  inclination  squared,  the  wake  thick¬ 
ness  need  only  arise  in  connection  with 
second-order  terms;  that  is,  a  linearized  or 
first  order  theory  may  properly  neglect  the 
wake . 


All  well-known  wake  models  may  be  divi¬ 
ded  into  two  categories.  They  either  in¬ 
volve  no  trailing  wakes  at  all:  Riabouchin- 
sky  [3];  Efros  [£];  Kreisel  [~],  Gilbarg  [6j; 
and  Tulin  [ 7] ;  or  they  involve  thick  wakes 
whose  thickness  is  generally  greater  than 
that  of  the  frontal  projection  of  the  body: 
■Joukowski  [8],  Roshko  [9]>  Eppler[10j,  and 
Wu[ll],  Fabula  [12].  The  former  of  these 
groups  is  clearly  more  suitable  for  the 
treatment  of  slender  bodies,  and  the  latter 
for  blunt  bodies.  Note,  however,  that  even 
in  the  case  of  blunt  bodies,  the  latter  group 
of  models  will  generally  very  much  exaggerate 
the  wake  thickness.  In  any  case,  none  of 
the  models  mentioned  is  suitable  for  the  pro¬ 
per  representation  of  supercavitating  flow- 
past  both  blunt  and  slender  bodies." 

For  the  realistic  and  versatile  model¬ 
ing  of  a  cavity  and  its  wake,  too,  Tulin  111 
proposed  two  spiral  vortex  models .  allowing 
termination  of  the  cavity  itself  in  a  trail¬ 
ing  wake  whose  asymptotic  downstream  thick¬ 
ness  corresponds  precisely  to  the  displace¬ 
ment  thickness  of  the  viscous  wake  associated 
with  the  forebodv  resistance.  Figure  3.  In 
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FIGURE  3  -  SPIRAL  VORTEX,  TRAILING  WAKE 
MODELS  OF  REAL  CAVITY  FLOWS 
FROM:  TULIN  (lj 


one  of  these  models  (single  spiral)  the 
pressure  on  the  wake  boundary  decays  from 
stagnation  to  free  stream,  while  in  the  other 
(double  spiral)  the  pressure  on  the  wake 
boundary  is  everywhere  free  stream.  Vari¬ 
ations  on  these  models,  allowing  for  a 
tailored  decay  in  the  pressure  aft  of  the 
vortex  to  its  asymptotic  value  could  and 
have,  Michel  [13J,  since  been  proposed.  The 
exact  way  this  should  be  done,  depends  in 
detail  upon  the  viscous  processes  which  give 
actual  rise  to  the  momentum  loss  in  the  ex¬ 
ternal  flow,  and  which  varies  from  cases  to 
case.  In  any  event,  the  evidence  is  that 
the  two  spiral  models  of  Tulin  seem  to 
bracket  flows  in  reality. 

low  do  these  viscous  processes  work  on 
cavities?  Too  little  has  been  said  in  the 
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past  on  this  important  question,  partly  be¬ 
cause  for  supercavitating  flows  of  Type  B 
and  C  it  has  usually  been  of  relatively 
little  importance  from  a  practical  point  of 
view  whether  cavity  lengths  and  wakes  have 
been  properly  modeled,  since  the  forces  on 
the  forebody  in  these  cases  vary  hardly  at 
all  with  cavity  length  differences  arising 
from  the  use  of  different  cavity  models. 
However,  in  the  case  of  partial  cavities 
on  propellers.  Type  B,  it  is  precisely  the 
length  and  volume  of  the  cavity  which  it  is 
necessary  to  know,  because  of  the  pressures 
radiated  by  the  changes  in  cavity  volume. 
Then,  in  the  case  of  Type  A  cavities,  the 
length  plays  a  vital  role  in  the  determin¬ 
ation  of  the  cavity  pressure,  which  has  been 
a  central  unsolved  problem  for  flows  of  this 
type:  we  shall  elaborate  this  point  later, 
below. 

We  visualize  the  general  situation  in 
Figures  -1  and  5.  We  have  taker,  into  account 
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FIGURE  4  -  CAVITY-WAKE  (TYPE  A),  SCHEMATIC 


(Figure  -1;  Type  A)  that  the  external  flow 
can  experience  both  a  retarding  friction  on 
the  cavity  wall  due  to  mixing  between  ex¬ 
ternal  and  internal  flows,  zone  A'-B' ,  and 
decelerat ion  losses  at  the  rear  of  the  body 
in  zone  B'-C'.  These  latter  losses  corre¬ 
spond  to  form  drag  in  the  case  of  solid 
bodies.  Following  C'  the  wake  is  established 
and  further  momentum  losses  do  not  occur. 

In  the  case  of  flow  Types  D  and  C  (Figure  5), 
we  visualize  a  separated  region  in  the  ex¬ 
ternal  flow  immediately  to  the  rear  of  the 
cavity.  Along  the  streamline  B"-C"  bounding 
the  separation,  the  external  flow  experiences 
retarding  friction  ar.e  deceleration  losses. 
These  losses  realize  the  forebodv  pressure 
drag,  which  obviously  cannot  be  recovered  in 
any  part  as  thrust  on  the  rear  of  the  cavity. 
Of  course,  in  actuality  the  separated  flow 
immediately  behind  a  cavity  is  unsteady,  but 
we  suggest  Figure  5  as  a  model  for  the  mean, 
time-averaged,  flow  there. 

The  magnitude  of  the  pressure  recovery- 
in  the  region  B'-C',  Type  A  flows,  depends 
essentially  on  the  thickness  of  the  friction¬ 
al  layer  at  B'  in  comparison  with  the  scale 
of  the  cavity  there.  When  this  layer  is 
sufficiently  thick,  then  stagnation  and  se¬ 
paration  of  the  external  flow  is  avoided  and 
at  the  same  time  a  gradual  transition  m 
pressure  coefficient  from  -o  to  0  becomes 
possible,  as  envisioned  in  Figure  4.  This 
is.  of  course,  also  the  case  on  most  bodies 
normally  used  in  practice,  including  ship 
hulls  and  foils.  Then  the  momentum  losses 
can  be  estimated  using  the  classical  momentum 
equation,  assuming  the  boundary  layer  not  too 
thick  and  the  body  reasonably  slender  (we 
restrict  ourselves  now  to  planar  flows,  for 
the  sake  of  simplicity).  Goldstein  [1-j: 

dl  .  (H  1  3)  .  5  =  c  {1) 

ds  q  ds  s  {L) 

c 

where 

C  =  T  /oq  : 

s  c' 

We  may  also  estimate  the  losses  in  the  region 
B”-C",  Figure  5,  in  the  case  of  flows  of  Type 


B  and  C  by  application  of  (1). 

Tliis  completes  the  viscous  modeling, 
except  for  estimates  of  the  boundary  layer 
shape  factor  H  and  Cs  in  (1).  We  shall  see 

later  that  the  boundary  layer  in  the  external 
flow  ir.  the  region  B’-C  seems  close  to  se¬ 
paration,  suggesting  a  value  H  :  3,0;  Schu- 
bauer  and  Klebanoff  [15]  found  H  =  2.8  at 
turbulent  separation,  in  their  planar  ex¬ 
periment,  The  value  of  the  friction  coef¬ 
ficient.  Cs  .  can  be  estimated  in  the  usual 
case  of  turbulent  flow  from  experiment  or 
from  mixing  layer  type  semi -empirical  theory; 
we  suppose  it  to  be  constant  along  the  mix¬ 
ing  region  A'-B'  in  turbulent  flots.  In  thc- 
case  of  laminar  flows,  however,  theory  shows 

=  c,R?2.  decreasing  with  distance  s 
along  the  cavity  we  estimate  “  10  from 

A. 

the  laminar  mixing  theory). 

Based  on  this  modeling,  a  quantitative 
connection  is  made  between  the  external  flow 
in  its  inviscic  realization  and  the  viscous 
flow  details.  In  the  case  of  flews  of  Types 
B  and  C.  the  cavity  pressure  is.  of  course, 
prescribed,  so  that  the,  effect  of  viscous 
flow  is  mainly  of  interest  in  connection 
with  the  choice  of  flow  model;  in  order  to 
estimate  the  length  of  the  region  B”-C"  and 
therefore  the  nature  cf  the  transition  from 
cavity  to  wake,  it  would  be  necessary  to 
know  the  effective  value  of  Cg  behind  the 
cavity,  yet  unknown.  In  the  case  of  Type  A 
flows,  we  shall  show  that  the  present  model¬ 
ing  does  allow  an  estimation  of  the  cavity 
pressure  a  priori,  and  therefore  provides 
the  necessary  closure  of  the  problem.  We 
shall  utilize  it  to  estimate  entity  pressures 
in  the  case  of  turbulent  separated  regions 
for  comparison  with  experiment,  and  in  the 
case  of  laminar  regions  for  comparison  with 
earlier  theories. 

The  Estimation  of  Cavity  Pressures  in  Near 
Wakes  Behind  Planar  Bluff  Bodies'  Type  A 
Flows . 

Principle  and  Fundamental  Theory 

The  principle  behind  the  calculation 
of  the  cavity  (near  wake)  pressure  lies  in 
the  simple  necessity  for  the  pressure  drag 
on  the  forebodv  alone  *C„)  to  balance  ex¬ 
actly  the  total  drag  acting  on  the  closed 
pseudo-body,  C^*.  comprising  the  forebody 

and  the  near  wake;  the  psudobody  is  defined 
by  the  closed  streamline  between  0  and  L  in 
Figure  6,  i.e  =  C^*.  The  equality  of 

C  and  C  *  is  obvious,  since  either  gives 
D  0 

rise  to  the  same  momentum  loss  in  the  far 
wake  (at  C  ) : 


'pseudobody 


CD*=[/P*nSdS  +/Cs*~V-ny 

-CH+2)  s 
]  '  /c*[' 


/i-jq  'h  (4) 


and 

c(s)  =  2 


<ic<s> 


vs,) 


H+2 
ds  • 


(5) 


The  relations,  (3)  and  (4),  follow  from  de¬ 
finitions.  and  (5)  is  the  solution  of  the 
differential  Equation  (1),  as  is  easily  veri¬ 
fied  (the  factor  2  in  (5)  arises  from  the 
two  side  of  the  cavity). 
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FIGURE  6  -  EQUIVALENCE  OF  FOREBODY  AND 
PSEUDO-BODY  DRAGS 


The  forebody  drag,  depending  for  a 
given  body  on  the  cavity  pressure  coef¬ 
ficient,  C  =  -r.  can  be  calculated  on  the 
P 

basis  of  inviscic  theory  (free  streamline 
t  heorv  ) . 


It  is  convenient  to  express  C„  as: 


s  =  cf  < 1 

where  the  friction  drag: 

•  ] 

C,  = 
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pseudobody 

and  where  the  fora  drag  factor.  F.  is: 


/p  ' 


n  os 
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C  a  ‘  *  n  ds 
s  -e  y 


(6) 


CS) 


where  both  integrals  are  taken  around  the 
pseudobody. 


where  r 
CD  = 


d  •  n  ds 
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forebodv 


/SP3  *h 


(3) 


In  view  of  (1)  and  (6),  the  form  drag 
may  be  calculated  from  (5); 


1  *  F  = 


•>(C'  )-q 


/  2 


•nBds 


C9) 


Combining  (12)  and  (11)  leads  to  the 
very  simple  result¬ 


ed. 


,=  -*K  C. 


(14) 


In  the  ease  of  a  slender  cavity  at  high 
Reynolds  numbers,  where  to  a  good  approxima¬ 
tion-  C  =  const,  and  a  =  q  for  0<s<i:  C  =0 
s  s  c  s 

for  i<s:  n_sl.  and  in  the  decelerating  zone 
we  set  H  =  H  .  constant;  and  recalling  that 


then. 
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(10) 


This  is.  in  itself,  a  valuable  result, 
relating  fora  factor  to  the  body  pressure 
coefficient  (which  depends  in  turn  on  its 
thickness),  and  on  the  shaae  parameter  ii. 

i. 

at  the  s' err. 

Now.  from  the  definition  (7)  it  follows 

*  % 

that  C.  =  -1  C  (i/hMq  ;a  )‘  and  combining 
I  s  c  * 

this  wi th  < 10 ;  ! n  (6 ) 


ti  !>)'  1 


(11) 


This  fundamental  result  is  sufficient 
for  the  calculation  ol  -  as  a  function  of 

C  for  a  given  forebodv.  since  C_  and  1 'h 
s  D 

are  functions  of  caviiv  pressu-e  (r)  which 
can  be  calculated  using  inviscid  theory. 

This  result  may  be  further  refined 
using  cavity  theory  results.  In  the  case 
of  sufficiently  long  cavities,  it  has  been 

Tm  1  4  -S  '  ’  '  -  U  • 
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k  depends  on  the  cavity  flow  model¬ 
's  =  S'*  (Closed  cavity.  Tulin  I  lol  l 


b.  ) 


Single  Spiral  Vortex  with 
Trailing  Wake.  (Tulin  ” I ~ } 


c.  k  =  5  (Double  Spiral 

Vortex.  Tulin  '!') 


13) 


For  values  of  a  up  to  unity,  the  value 
of  k  given  by  b. )  is  less  than  a. )  and 
greater  than  e.),  while  k(c)  =  0.6k(a).  It 
is  worth  noting  that  relationship  (12)  can 
be  extremely  sensitive  to  the  presence  of 
bounding  surfaces  such  as  tunnel  walls,  but 
we  will  not  diserss  this  conpl (cation  here. 


This  is  plotted  as  Figure  7  using  a 
value  of  H»  =3. 


FIGURE  7  -  2XkCj_  AS  FUNCTION  OF  s 

Experimental  Comparison 

There  exists.  Arie  ana  Rouse  '!?].  an 
excellent  detailed  experimental  study  of  a 
slab’ized  cavity-wake  behind  a  flat  plate 
(some  of  the  results  are  shown  as  Figure  4) 
In  their  wind  tunnel  simulation  of  the  wake 
flow  past  a  vertical  plate  (wall  effects 
were  corrected  for  by  modifying  the  shape 
of  the  tunnel  walls)  they  found;  c-  =  0.57; 

C  =  l .38:  C  **=  1.27  -  10~‘ :  (i/c)  =  S.4. 

D  s 

In  addition  the  boundary  layer  profile  at 
the  end  of  the  cavity  is  approximately 
linear  (i.e..  u(y)/u(i>  =  y/o).  correspond¬ 
ing  to  ii,  =  3.0. 

The  calculation  of  length  based  on  (II 
and  using  the  aforementioned  experimental 


We  have  corrected  Ec.  (7)  of  Tulin  .2, 
which  contained  a  numerical  error. 

The  value  of  C  is  determined  from  Arie 
and  Rouse.  Figure  8c.  but  correcting  a  mis¬ 
take  in  their  nomenclature? /u'V /<}„  should 


values  of  C„,o.  ii« ,  and  C  ,  yields  (i/cl. 

D  s  s  tneo. 

=  8.8,  which  is  in  reasonable  agreement  (5%) 
wi  rh  i_he  measured  value  (S.-S). 

The  calculation  of  k  froii  (12).  using 
again  the  measured  values  of  {if h),  C„,  and 
yields  a  value  of  k  =  2,  which  is'  in 
reasonable  agreement  with  the  value  k  =  2.16. 
given  by  (13b). 

These  favorable  comparisons  confirm  the 
useful  sness  of  ' 1  )  and  (12)  when  applied  to 
stabilized  turbulent  wakes  behind  bluff 
bodies ■ 

In  the  case  of  laminai  wakes  (which  are 
not  practically  important  in  ship  hydro¬ 
dynamics.  but  for  which  S'-sae  past  analyses 
exist),  the  analysis  can  be  repeated,  lead¬ 
ing  to: 

„  -k 

Ik 


k  . 
:)-( i 


(H 


and  combining  with  (12)  leads  to  the  follow¬ 
ing  asymptotic  results  (H  -* ) • 

c 


(8  c.  ); 

t 


The  latter  asymptotic  result,  m  its 
dependence  on  R  and  C„  corresponds  to  the 

C  U 

earlier  results  of  others,  obtained  by  other 
mc-ans.  starting  with  Imai  lit'.  Recently 
F.T.  Smith  '!?]  has  analyzed  the  viscous  as¬ 
pects  of  this  problem,  obtained  similar  re¬ 
sults.  and  concluded  that  for  bodies  without 
fixed  separation,  the  free  streamline  (in- 
viscid  solution)  should  have  continuous 
curvature  at  separation,  i.e..  smooth  se- 

naration:  in  this  case.  C_  can  be*  calculated 
•  D 

by  application  of  cavity  theory  using  the 
latter  condition,  even  in  the  case  of  a 
smooth  bluff  body,  as  a  circular  cylinder. 

Note  that  upon  the  assumption  of 
laminar  flow,  the  cavity-wake  length  in¬ 
creases  with  the  Reynolds  number  without 
bound.  The  turbulent  asymptotic  behaviour 

(R  -»)  of  bluff  boat  wakes  is  seen  to  de- 
c 

pend  on  two  questions:  does  the  mo^el  of 
flow  assumed  here  (negligable  eddy  velocity) 
remain  valid  as  and.  1  so.  what  is 

the  behaviour  of  C  as  R  If  the  answer 

s  c 

to  the  first  of  these  ques’ ions  is  affirma¬ 
tive.  then  the  asymptotic  cavity  length 
will  be  finite  proviaed  the  asymptotic 
value  of  C  is  also  finite. 

Further  application  of  the  present 
ideas  can  readily  be  made,  to  the  question 
of  tunnel  wall  effect  on  wake  pressure  for 
example. 


The  Prediction  t-f  Turbulent  Separation 
Rubbles  at  the  Leading  Edge  of  Thin  Airfoils 


thin  airfoil  stall)  exist  at  sufficiently 
high  Reynolds  number  on  thin  foils  with 
both  sharp  and  rounded  leading  edges,  for 
foil  thicknesses  less  than  about  3  percent, 
as  shown  experimentally  by  McCullough  and 
Gault  [21].  The  ideas  of  the  previous 
section  can  readily  e  combined  with  short 
cavity  invisciu  theory  (which  is  discussed 
subsequently  in  this  paper),  to  predict  the 
pressure  coefficient  at  separation,  and  to 
approximate  the  bubble  length.  McCullough 
and  Gault  have  given  detailed  measurements 
of  the  separated  flow  over  a  sharp  nosed, 
double- wedge  foil  of  -3.23  percent  thickness 
see  Figure  S,  where  one  of  the  measurements 
are  shown.  For  present  purposes  we  shall 
assume  this  close  enough  to  a  snarp  fiat 
plate. 


FIGURE  8  -  PRESSURE  DISTRIBUTION  OVER  THE 
«. 23-PERCENT-THICK  DOUBLE-WEDGE 
AIRFOiL  SECTION 

from:  McCullough  and  gault  jao] 


Turbulent  separation  bubbles  (so  called 


The  relation  corresponding  to  (11)  is, 
in  view  of  the  fact  that  the  cavity  is  single 
sided: 


Th,+2)/2=  2  Cs 
(*/c)[l  +  c]  *• 

The  comparison  of  t/c  computed  on  the 
basis  of  (18)  with  experimental  values  is 
shown  in  the  table  below;  the  values  of  CD 

were  determined  experimentally  by  integration 
of  the  pressures  on  the  foil  surface;  the 
values  of  c  were  determined  from  measurement 
of  pressures  at  the  boundary  of  the  separa¬ 
tion  bubble  and  are  slightly  higher  than 
measured  on  the  foil  surface;  C  is  taken 
_  2  ® 

again  as  1.27  x  io  as  measured  by  Arie  and 
Rouse  and  discussed  earlier;  H ^  =  3 ;  the 

experimental  values  oi  l/c  are  determined 
from  the  measured  pressure  distributions  on 
the  foil  surface  and  have  been  defined 
(somewhat  arbitrarily)  as  the  point  where 
the  magnitude  of  the  pressure  coefficient 
has  dropped  to  80  percent  of  the  average 
pressure  under  the  main  part  of  the  bubble, 
Figure  £>. 


cavity-wake  theory  and  experiments  in  the 
case  of  both  trailing  turbulent  wakes 
(Arie  and  Rouse),  and  turbulent  separation 
bubbles  (McCullough  and  Gault),  we  conclude 
that  this  theory  very  well  explains  quanti¬ 
tatively  important  basic  features  of  these 
separate  flows,  and  deserves  further  study 
and  application,  especially  to  the  problem 
of  both  steady  and  unsteady  separation  on 
lifting  foils  and  wings.  This  new  theory 
therefore  gives  additional  meaning  and  im¬ 
portance  to  past  and  current  cavity  flow 
developments. 


THE  CHARACTERISTICS  OF  PARTIAL, 
EDGE,  CAVITIES. 


LEADING 


We  consider  first  the  case  of  steady 
flow  about  lifting  foils,  including  the  ef¬ 
fects  of  foil  thickness  and  of  finite  span. 
Afterwards,  Section  III,  we  consider  non¬ 
steady  effects,  such  as  occur  during  opera¬ 
tion  of  foils  in  gust  or  propeller  blades 
in  wakes. 

Past  Theory  and  Measurements;  1955-77. 

Alan  Acosta  [21]  first  presented  a 


TABLE  1  -  COMPARISON  OF  MEASUREMENTS  AND  THEORY:  LEADING  EDGE  BUBBLE 

Theory 
(Eq.  (15)) 


Double  Wedge  Measurements 
o  ( £/c)o2/C_  i 


0.24  0.007  1.2 

0.47  0.C28  1  2 

0.72  0.066  1.2 


For  this  particular  definition  of 
(t/c)expcit  is  seen  that  the  agreement  is 

excellent  over  the  entire  range  of  incidence 
up  to  6°.  In  addition  we  note  that  the 
following  formulation  is  consistent  with  the 
measurements : 

C 

i/c  =  7.8  —  (19) 


0.037 

0.149 


theoretical  prediction  of  steady,  leading 
edge,  sheet  cavities  as  a  function  of  the 
cavitation  parameter  a/a,  Figure  9,  where 
a  is  the  incidence  of  the  foil  and  o  the 


STEADY 

SUPERCAVITATINC 


which  compares  with: 


i/c  =  32  S 
/C  *  o2 


based  on  linearized  theory,  for  a  sharp 
edged  plate.  As  we  discuss  later  in  this 
paper,  cavity  theory  which  takes  into  ac¬ 
count  the  wake  behind  the  cavity  predicts 
reduced  values  of  cavity  length,  improving 
the  comparison  between  (19)  and  (20).  We 
note  that  for  foils  with  finite  leading  edge 
radius,  theory  predicts  smaller  C^  but 

larger  and  non-constant  values  of  k  than 
for  the  sharp  nosed  foil,  with  the  differ¬ 
ence  disappearing  at  higher  incidence 
(longer  cavities). 

As  a  result  of  the  agreement  shown 
between  the  prediction  of  the  present 
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“ACOSTA  THEORY 


0  6*  0.0*  0.U  0.16 


*  /C  ACOSTA  (IKS) 


0.04  0.91  0.12  9.16  0.20  0.24 

CL/  2*o  TULIN*HSU,  THEORY 

FIGURE  9  -  BEHAVIOUR  OF  SHEET  CAVITIES  ON 
FIXED  FLAT  PLATE  FOIL 


cavitation  number.  Acosta's  result  re¬ 
ferred  specifically  to  a  flat  plate  in 
steady  motion  and  was  obtained  utilizing 
linear  (slender  body)  theory.  According  to 
his  prediction,  two  distinct  steady  leading 
edge  cavities  exist  for  all  values  of  a/a  < 
0.0962  and  none  for  larger  values.  Experi¬ 
ments  on  two-dimensional  foils,  Wade  and 
Acosta  [22],  confirmed  the  existence  of  a 
rather  stable  short  cavity  for  a/a  <  0.10 
and  showed  this  to  be  the  shorter  of  the  two 
cavities  predicted  in  theory.  For  values  of 
0,10  <  a/a  <  0.20  these  experiments  found 
a  strong  tendency  to  a  low  frequency,  wc/ll^ 

=  0.10  *  0.20,  cavity  oscillation  with  an 
amplitude  of  about  a  half  chord.  For  larger 
values  of  a/a  a  rather  steady  superoavita- 
ting  flow  ensued. 

Acosta's  results  were  found  indepen¬ 
dently  by  Geurst  and  Timman  [23]  utilizing 
the  same  theoretical  model.  At  about  the 
same  time,  Meijer  [24]  reported  on  the  re¬ 
sults  of  experiments  on  several  thin  (4%) 
foils:  one  a  double  circular  arc  and  the 
other  a  circular  arc  on  the  top  and  flat  on 
the  bottom  (plano-convex).  The  experimental 
results  for  the  cavity  lengths  on  the  double 
circular  arc,  together  with  those  for  a  thin 
wedge  tested  by  Parkin  [25],  showed  good 
agreement  with  the  theory  of  Acosta  and 
Geurst-Timman .  The  results  for  the  asym¬ 
metrical  foil  differed  systematically,  how¬ 
ever,  approaching  the  flat  plate  theory  only 
at  high  angles  of  attack. 

About  ten  years  were  to  pass  before  the 
slender  body  theory  of  partial  cavitation 
was  extended  to  the  case  of  a  two-dimensional 
hydrodoil  of  arbitrary  shape  by  Hanaoka  [26]. 
In  the  meantime  Geurst  [27]  gave  theoretical 
results  for  thin  cambered  foils  without 
thickness,  and  Wade  [28]  gave  results  for 
thin  plano-convex  foils  and  made  comparisons 
with  the  experiments  of  Balhan  [2$],  Meijer 
[24],  and  Wade-Acosta  [22].  The  first  of 
these  concerned  foils  4%  thick  at  angles  be¬ 
tween  2-6  degrees.  The  latter  concerned  a 
foil  of  7%  thickness  at  angles  from  2-10 
degrees.  The  correspondence  between  pre¬ 
dicted  and  measured  cavity  lengths  was  not 
very  good,  and  worsened  at  larger  angles 
and  for  the  thicker  foil. 

Hanaoka 's  theory  is  also  based  on  con¬ 
ventional  linearizing  assumptions,  but  he 
relaxed  the  condition  of  cavity  closure  and 
introduced  an  arbitrary  cavity  thickness 
at  termination.  In  this  way  he  was  able  to 
obtain  a  theory  bridging  the  gap  between 
partial  and  supercavitating  flow.  Hanaoka 
found  empirically  that  his  theory  when 
applieu  to  the  flat  plate  gave  good  agree¬ 
ment  with  thin  symmetrical  foils  for  short 
cavities  when  he  assumed  cavity  closure. 

In  that  case  his  results  correspond  to 
Acosta,  Geurst-Timman  and  his  conclusions 
to  those  of  Wade  [28],  Again,  assuming 
cavity  closure,  Hanaoka  compared  Meijer 's 
data  for  the  asymmetrical  foil  with  theory 
and  found  rough  agreement;  that  is,  trends 
were  reproduced  but  actual  values  of  cavity 
length  tended  to  be  longer  than  predicted. 


In  addition  to  linearized  theories, 
there  exist  several  non-linear  treatments  of 
partially  cavitating  flows  on  flat  plates: 

Wu  [30],  Kutznetzov  and  Terentev  [31],  and 
Terentev  [32].  The  first  of  these  utilizes 
a  wake  model  in  which  the  wake  is  as  thick 
as  the  cavity  at  its  maximum.  The  second 
utilizes  the  re-entrant  jet  model,  and  the 
last  a  vertical  flat  plate  termination  of  the 
cavity.  The  last  two  might  be  expected  not 
to  differ  much  and  to  give  the  closest  agree¬ 
ment  for  cavity  lengths  with  reality.  A 
comparison  is  made  later  herein  between  re¬ 
sults  of  the  re-entrant  jet  model  and  the 
present  theory.  A  further  non-linear  theory 
utilizing  the  re-entrant  jet  model  dealt 
with  the  flow  about  a  cavitating  wedge  at 


incidence,  but  was  not  utilized  for  the  pre¬ 
diction  of  cavity  length,  Cox  and  Clayden 
[333  • 

^Finally  it  should  be  mentioned  that 
partial  cavitation  on  cascade  of  foils  be¬ 
comes  important  in  connection  with  cavita¬ 
ting  inducer  pum^s,  and  the  conventional 
linearized  theory  has  been  applied  to  the 
case  of  partially  cavitating  cascades  by 
Wade  [34]  for  flat  plates  and  by  Hsu  [35] 


for  cambered  plates. 


The  Theory  of  Tulin-Hsu  [361:  Perturbation 
on  the  Fully  Wetted  Flow. 

The  status  described  above  seemed  to 
leave  room  for  further  theoretical  develop¬ 
ments,  since  experimental  comparisons  were 
not  really  satisfying  except  for  a  flat 
plate,  and  since  finite  span  effects  had  not 
been  adequately  studied,  despite  some  be¬ 
ginnings  by  Hanaoka  [37]  and  Ukon,  Tamiya, 
and  Kato  [38].  Further,  there  seemed  rea¬ 
son  to  believe  that  the  predictions  of  con¬ 
ventional  linearized  theory  can  be  wrong  and 
misleading  with  regard  to  the  effect  of 
foil  thickness  in  the  case  of  foils  with 
finite  leading  edge  radii.  The  reason  for 
this  is  that  the  effect  of  the  leading  edge 
radius  in  reducing  the  peak  pressures  at  the 
nose  have  an  important  influence  on  cavity 
length,  but  are  not  taken  into  account  in 
slender  body  theory. 

The  theory  of  Tulin  and  Hsu  [36j  is 
based  on  a  perturbation  on  thefully  wetted 
flow  which  assumes  that  the  cavity  is  short 
in  extent  compared  with  the  chord  and  span 
of  the  foil,  so  that  the  cavity  causes  only 
a  small  perturbation  to  the  non-cavitating 
flow  about  the  given  foil  (or  propeller 
blade).  Starting  as  it  does  with  the  fully 
wetted  flow  assumed  known,  this  theory  dif¬ 
fers  markedly  from  the  usual  linearized 
(slender  body)  theory  which  perturbs  on  the 
uniform  free  stream  flow,  and  would  seem  to 
offer  the  following  advantages:  i)  it  can 
be  applied  to  thick  as  well  as  slender 
bodies;  ii)  it  deals  accurately  with  the 
effect  of  leading  edge  radius  where  slender 
body  theory  does  not;  iii)  in  a  further 
approximation,  it  can  be  applied  as  a  two- 
dimensional  perturbation  to  a  known  three- 
dimensional  flow.  The  latter  possibility 
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arises  because  the  span  of  the  cavity  is 
likely  to  be  much  larger  than  the  cavity 
length,  even  though  the  foil  may  not  itself 
posses  a  high  aspect  ratio.  Given  means  to 
calculate  fully  wetted  flows  on  finite  as¬ 
pect  ratio  lifting  surfaces,  the  present 
theory  allows  predictions  to  be  made  about 
the  properties  of  their  leading  edge 
cavities;  the  method  can  also  be  applied  to 
propellers.  In  consequence  of  the  T-H 
theory,  the  result  of  Acosta,  Figure  9,  can 
immediately  be  interpreted  to  apply  to  foils 
where  the  circulation  is  reduced  over  two- 
dimensional  values  on  account  of  three  di¬ 
mensional  (finite  span)  effects;  this  is 
accomplished  simply  for  flat  plate  foils  by 
replacing  a  in  Figure  9  by  CL/2n,  see  the 

lower  scale. 

The  method  of  T-H  depends  on  the  defini¬ 
tion  of  the  complex  velocity  (7'  =  u-iv)  as 
the  product  of  two  analytic  functions: 


where  7 


%e 


V 

o 

-ie„ 


•  V  (21) 

is  by  definition  the  com¬ 
plex  velocity  of  the  flow  about  the  body  in 

““  i  G 

the  absence  of  cavitation,  and  Y'  =  q,e  1 

represents  the  effect  of  cavitation.  In  the 
case  of  a  short  cavity,  V  '  =  0(1  +  e)  where 

e  increases  with  the  cavity  volume.  The 
theory  assumes  e<<l;  it  is  asymptotic  to  the 
limit  of  short  cavities.  The  flows  in  the 
physical  and  complex  potential  plane  ( V  = 

4>  +  i<J0  are  shown  in  Figure  10.  The  pro¬ 
blem  as  posed,  utilizes  Tulin's  single 
spiral  vortex  model  for  cavity  termination. 

For  the  solution,  it  is  useful  to  de¬ 
fine  the  function-  «  =  tn  *?'  =  £nq-i9.  It 
follows  from  (21)  that: 


01  =  01  +0), 
o  1 


=  ^n(qoq, )-i(0o+9i ) 


(22) 


We  may  assume  that  the  fully  wetted 
f)ow  has  been  found,  so  that  oiQ  is  given. 

The  problem  is  then  reduced  to  that  of  find¬ 
ing  oit  with  the  boundary  conditions: 

R*  (w,)  =  In  q,  =  £n  qc/qQ  4>B<s><4>D  (23) 

where  q£  -  (1+c)^.  Except  in  the  vicinity 

of  points  of  small  radius  of  curvature  on 
the  body,  it  may  also  readily  be  shown  that: 


The  cavity  closure  condition  is: 
Im  j^>w1d'i:  =  f 

f  = 


(27) 


Cavit;  Drag 
2 


where  we  shall  subsequently  show  in  Section 
III  that  in  unsteady  flow  the  same  closure 
condition  applies  except  that  f  becomes 
modified  to  account  for  the  rate  of  change 
in  cavity  volume. 

We  are  particularly  interested  m  apply¬ 
ing  the  theory  to  the  calculation  of  short 
cavities  on  thin  bodies  like  foils.  In  such 
cases,  the  theory  may  be  simplified  by  tak¬ 
ing  advantage  of  appropriate  approximations, 
which  must  be  carefully  applied. 

The  leading  edge  on  foils  used  in 
practice,  even  though  rounded,  are  of  such 
sharp  curvature  that  a  leading  edge  cavity 
may  be  assumed  to  start  immediately  at  the 
edge.  At  the  same  time,  when  leading  edge 
cavitation  does  occur,  the  distance  between 
the  edge  and  the  stagnation  point  is  zero 
to  second  order  in  the  angle  of  attack. 

Tulin  [39] ,  so  that  we  take  the  points  A 
and  B  as  coincident  to  second  order,  i.e., 
b  =  0.  In  addition,  we  may  then  show  that 
(24)  applies  in  the  vicinity  of  the  leading 
edge  stagnation  point,  too. 


*/o 
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FIGURE  10  -  SCHEMATICS  OF  SHORT  CAVITY 
FLOW  AND  BOUNDARY  VALUE 
PROBLEMS 


0(Y)  =  9(?o)  +  0(e) 


or,  to  first  order: 


InKWj  )  “  6 j  =0 


i{i  =  0 
=  °~ 


(24; 


(25) 


The  conditions  at  infinity  are: 

RE(u. )  =  0 
Im(uj)  =  0 


(26) 
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FIGURE  11  -  BOUNDARY  VALUE  PROBLEMS  IN 
TRANSFORMED  ?-  PLAN 
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Then  the  appropriate  solution  of  the 
mixed  boundary  value  problem  in  the  trans¬ 
formed  half  plane.  Figure  11: 


C  =  -  ia  y  ^  ~i  =  ?  +  in'  (28) 


is  given  by: 


WjCO  =  - 


r  ° 

■— h=  f- 

n/C(l+C)  4 


Jin ( l+o )-Anq  ( t ) ] 


T(l-T)  dT 


-ijr(M;+N) 


where  the  constants  M,  N  and  a  are  deter¬ 
mined  from  the  two  conditions  at  infinity, 
(26),  and  the  closure  condition,  (27). 

Note  that  <j>E  is  assumed  specified,  which  is 

equivalent  in  fact  to  specifying  the  cavity 
length. 

Appropriate  relations  for  the  lift, 
drag,  cavity  ordinates,  and  cavity  volume 
may  also  be  derived,  but  are  not  given  here. 

Note  that  in  (29),  the  constant  being 
determined,  that  the  solution  has  been  re¬ 
duced  to  an  integral  which  depends  only 
upon  the  fully  wetted  velocity  distribution 
q  (t)  (i.e.,  the  velocity  in  the  absence 

of  cavitation),  over  the  region  where  the 
cavity  exists  and  not  otherwise  upon  the 
shape  of  the  foil.  We  have  therefore  re¬ 
duced  the  problem  of  determining  the  cavity 
flow  to  the  problem  of  determining  the  ve¬ 
locity  distribution  on  the  body  in  the  ab¬ 
sence  of  cavitation!  Of  course,  very 
powerful  tested  methods  exist  for  the  so¬ 
lution  of  the  latter  problem  in  both  the 
two  and  three-dimensional  case.  This  is  a 
very  different  situation  than  that  which 
arises  in  the  conventional  linearized 
(slender  body)  formulation,  when  a  mixed 
boundary  value  problem  arises  and  must  be 
solved,  involving  both  velocity  conditions 
on  the  cavity,  and  shape  conditions  on  the 
body. 

Finally  we  note  that  the  T-H  theory 
contains  within  itself  the  conventional 
linearized  theory,  and  it  can  be  shown  that 
the  results  of  Acosta  [21]  for  short 
cavities  on  a  flat  plate  at  incidence  are 
recovered  exactly  from  the  theory  by  set¬ 
ting  qQ(t)  =  1. 

Applications  of  the  T-H  Theory. 

Flat  Plate.  We  shall  first  show,  us¬ 
ing  the  flat  plate  as  an  example,  that 
there  art  three  non-linear  effects  which 
cause  the  cavitv  to  be  different  than  pre¬ 
dicted  by  Acosta.  These  are  effects  ad¬ 
ditional  to  that  caused  by  a  different 
choice  of  the  cavity  model  (for  example, 
double  spiral  rather  than  single  spiral). 
Recall  that  Acosta's  theory  is  based  upon 
Tulin's  1955  closure  condition,  which  is 


equivalent  to  the  single  spiral  vortex  with 
zero  trailing  wake  thickness 

These  three  non-linear  effects  are: 
a.)  purely  geometrical,  increasing  with  in¬ 
creasing  incidence;  b.)  due  to  finite  leading 
edge  radius  (plate  thickness);  c.)  due  to  the 
traixii.g  wake  thickness,  increasing  with  in¬ 
creasing  drag.  We  shall  show  that  a. )  tends 
to  increase  the  cavity  length  while  b. )  and 
c.)  tend  to  shorten  it. 

The  appropriate  representation  of  qQ(t) 

in  the  case  of  a  flat  plate  of  zero  thickness 
is  the  exact  theory  result: 


qQ  ( 4> )  =  1  +  M 


Calculations  have  been  made  based  on 
this  representation  of  qQ  and  are  shown  to 

be  in  good  agreement  with  the  "exact"  non¬ 
linear  calculations  of  Kutznetzov  and 
Terentev  [31]  based  on  the  re-entrant  jet 
model,  Figure  12,  as  well  as  with  the  re¬ 
sults  of  Acosta  for  incidence  less  than 
about  2°.  Note  that  the  effect  of  the  nen- 
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FIGURE  12  -  FLAT  PLATE  FOIL  CHARACTERISTICS 
WITH  SHORT  CAVITY  t  /  c  =  0; 

AR  =  ~;  a  =  0. 5  -  10.(iJ 

linearity,  a.)  above,  is  to  increase  the 
cavity  length.  We  also  comment  th<;t  this 
non-linearity  may  be  approximately  accounted 
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for  by  replacing  u/o  with  ^(1  +  na)  as  the 

independent  variable  in  the  Acosta  (slender 
body  theory)  result. 

In  order  simply  to  represent  the  effect 
of  leading  edge  radius,  rn/c,  we  consider  a 

flat  plate  with  thickness,  2r  ,  with  a  semi- 

n 

circular  leading  edge  of  radius  r  .  In 

n 

order  to  represent  the  interaction  between 
thickness  and  incidence  we  correct  the  ve¬ 
locity  distribution  using  the  rule  of 
Lighthill  [1*0].  Then: 


qo(<!>)  =  1  +  ft 


❖  /<*>£  +  rn/2C 


The  effect  of  leading  edge  radius  due 
to  plate  thickness  has  been  calculated  us¬ 
ing  this  representation  of  qo(4>).  The  re¬ 
sults,  Figure  13,  show  that  leading  edge 
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FIGURE  13  -  FLAT  PLATE  WITH  CONSTANT  THICK¬ 
NESS  AND  ROUNDED  LEADING  EDGE, 
CHARACTERISTICS  WITH  SHORT  CAVITY 
AR  =  »;  rn  /  c  =  0  -  1%;  cx  =  i»° 

radius  very  much  ameliorates  the  effect  of 
incidence,  ar.d  is  very  important  to  take  in¬ 
to  account.  It  is,  however,  of  opposite 
effect  than  the  geometrical  non-linearity 
a.),  and  the  two  effects  can  have  a  tendency 
to  cancel  each  other. 


In  order  to  evaluate  the  non-linearity 
c. )  above,  we  have  calculated  the  drag  coef¬ 
ficient,  C  ,  due  to  the  ieading  edge  cavity, 
Figure  14,  the  thickness  of  the  trailing 
wake,  f/c  =  C  /2,  and  the  subsequent  effect 
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FIGURE  14  -  CAVITY  DRAG  AS  FUNCTION  OF 
CAVITY  LENGTH 

on  the  cavity  length.  Figure  15. 

For  rn/c  =  0,  and  with  cav’ty  sepa¬ 
ration  at  the  leading  edge,  it  is  necessary 
for  the  force  on  the  plate  to  be  normal  to 
it,  so  that  CD  -  CL  tan  a.  In  the  case  of 

finite  leading  edge  radius,  however,  a 
finite  thrust  force,  Cr  will,  however, 

n 

exist  at  the  leading  edge  (partial  recovery 
of  leading  edge  thrust)  so  that  CD  =  CLtana 
-  C  ,  or, 


=  k 
D  T 


CL  tan  a 


where  k  =  k  (r  /£;  t/c)  <  1.  The  results 

T  in 

of  calculation.  Figure  14,  show  how  ef- 
fictively  the  leading  edge  radius  reduces 
the  cavity  drag,  for  cavities  of  equal 
length,  the  effect  being  more  pronounced, 
the  shorter  the  cavity. 

The  major  cause  of  the  cavity  shorten¬ 
ing  due  to  increasing  nose  radius  (as 
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FIGURE  15  -  EFFECT  OF  FINITE  WAKE  ON 
CAVITY  LENGTH 


already  shown  in  Figure  13)  is  the  drag  re¬ 
ducing  effect  of  nose  radius.  This  can  be 
understood  irom  plots  of  2./c  vs  CL/c2,  Fi- 

U  2 

gure  16.  which  show  that  k,  i.e.,  (P./c)~ 

is  larger  in  the  case  of  the  flat  plate  D 
v.ith  nose  radius  than  in  the  sharp  edge  case, 
actually  increasing  with  decrease  in  (t/c). 
Incidentally,  this  Figure  implies  that  in 
the  case  of  thin  airfoil  stall  treated  in 
the  preceeding  section,  that  the  bubble 
pressure  coefficient  attains  a  larger  ne¬ 
gative  value  for  shorter  bubbles,  approach¬ 
ing  the  sharp  edged  value  as  the  bubble 
length  approaches  mid-chord.  This  effect 
was  observed  experimentally  by  McCullough 
and  Gault  [20]  in  the  case  of  the  NACA  64  A 
006  airfoil. 

Comparison  of  Two-Dimensional  Applications 
with  Experiment. 

Does  the  single  spiral  vortex  model 
applied  to  short  cavities  using  the  T-H 


FICURE  16  -  SHEET  CAVITY  LENGTH  VS. 
CD/o2 


theory  yield  good  agreement  with  experiment? 

In  Figures  17-20  we  make  some  comparisons. 

The  calculations  are  based  on  exact  (inviscid) 
theory  for  q  (if'  but  with  the  circulation  ad¬ 
justed  (reduSed)  in  accord  with  the  measured 
values  of  lift  (no  cavitation);  the  effect 
of  trailing  wake  was  taken  into  account  and 
was  important.  The  foils  for  which  sys¬ 
tematic  experimental  observations  were  avail¬ 
able  are:  a  4  percent  biconvex  [Meijer,24]; 
plano-convex  of  thickness  4  percent  [Meijer, 
24];  6  percent  [Uhlman  and  Jiang,  41];  7  per¬ 
cent  [Wade  and  Acosta,  22],  The  agreement 
is  in  general  very  good  up  to  angles  oi  4-6° , 
with  an  increasing  tendency  for  theory  to 
overpredict  cavity  length  as  the  incidence 
increases.  Notice  that  as  the  thickness  of 
the  biconvex  foil  increases,  the  cavity 
length  both  measured  and  predicted  is  re¬ 
duced. 

The  theoretical  overprediction  at  the 
higher  incidences  is  likely  due  to  viscous 
stall  effects  on  the  foil,  as  in  the  case  of 
Wade  and  Acosta  the  lift  curve  slope  de¬ 
creases  when  the  comparison  begins  to  fail. 

In  fact,  it  must  be  recognized  that  if  a  se¬ 
paration  bubble  can  exist  at  o(sep)<cs(cavi- 
tation),  then  cavitation  will  be  inhibited. 

We  have  seen  that  for  sharp  nosed  thin  foils 
o(sep)=1.0.  The  incidence  corresponding  to 
cavitation  inhibition  will  therefore  be  in 

this  case  approximately  equal  to  There¬ 
fore  for  S.  >  0.10,  cavitation  will  be  in¬ 
hibited  for  angles  above  about  6°  and  be  re¬ 
placed  by  thin  airfoil  stall,  giving  rise  to 
more  complex  flow  patterns  than  dealt  with 
by  this  theory. 

For  the  future  it  would  be  desirable 
to  understand  the  high  incidence  behavious 
better  as  well  as  to  make  comparisons  with 
experimental  data  on  foils  with  rounded 
leading  edges. 
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FIGURE  17  -  COMPARISON  VJITH  EXPERIMENTAL 
DATA  OF  MEIJER  FOR  4%  BICONVEX 
FOIL 
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FIGURE  18  -  COMPARISON  WITH  EXPERIMENTAL 
DATA  OF  MEIJER  FOR  4%  PLANO¬ 
CONVEX  FOIL 


Three  Dimensional  Effects. 

This  is  the  case  of  prime  practical 
interest.  Unfortunately,  however,  the  cal¬ 
culation  of  cavities  on  three-dimensional 
lifting  surfaces  such  as  foils  and  propellers 
is  considerably  more  difficult  than  in  the 
planar  case,  because  of  the  influence  of 
the  entire  surface  on  the  local  cavity  shape 
and  length.  Indeed,  the  rigorous  appli¬ 
cation  of  conventional  linearized  (slender 
body)  theory  to  the  three-dimensional  case 
has  not  yet  been  successfully  demonstrated, 
to  our  knowledge. 

Here  we  take  the  point  of  view  that  the 
problem  may  be  solved  approximately  by  cal¬ 
culation  of  the  fully  wetted  three-dimension¬ 
al  flow  as  rigorously  as  possible,  4> 

°3D. 

(x,y,z)  and  adding  to  it  at  each  spanwise 
section  a  two  dimensional  perturbation, 

4>,  (x,y;z)  representing  the  effect  of 

2D 

cavitation.  In  calculating  <f>,  we  utilize 

1 2D 

(29)  with  q  (t)  =  q  (t).  Two  factors  must 


conspire  to  validate  this  approximation: 

i.)  that  the  cavity  is  short  in  com¬ 
parison  to  its  own  span,  and 

ii.)  that  the  fully  wetted  flow  does 
not  vary  too  rapidly  in  the  span-wise  di¬ 
rection.  We  would,  therefore,  not  expect 
this  approximation  to  apply  in  the  tip  re¬ 
gion  of  the  foil  or  blade. 

We  have  tested  this  approximation  by 
calculating  the  cavity  lengths  at  the  center 
of  rectangular  wings  of  aspect  ratio  2  and 
4  (6°  wedge  profile)  and  comparing  with 
measurements  of  Kermeen  [ <4 2  j .  We  did  not 
calculate  q  by  lifting  surface  methods, 
°3D 


but  instead  used  the  aspect  ratio  correction 
of  R.T.  Jones  [43]  in  order  to  estimate 
q  from  q  ,  which  was  calculated  from 
°3D  °2D 

exact  inviscid  theory.  The  Jones  correction 
for  the  surface  velocity  due  to  incidence 
yields: 


=  1  +  tT  <1, 


*o3D  Ej  , t , 2D  EjAR+2  Ho,a,2D 


(33) 
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FIGURE  19  -  COMPARISON  WITH  EXPERIMENTAL 
DATA  OF  UKLMAN  AND  JIANG  FOR 
FOR  6%  PLANO-CONVEX  FOIL 


The  effect  of  trailing  wake  was  taken  into 
account . 

The  comparison  between  the  theoretical 
predictions  and  experiments  are  shown  in 
Figure  21,  and  is,  in  general,  reasonably 
good,  even  though  the  angles  of  attack  are 
quite  large  and  the  aspect  ratios  quite 
small  (the  data  show  considerable  scatter). 
This  comparison  gives  reason  to  believe  that 
the  present  theory  can  be  applied  to  three- 
dimensional  flows  of  practical  interest,  in¬ 
cluding  propeller  blades. 

III.  UNSTEADY  SHEET  CAVITATION 

In  engineering  practice  cavities  of 
all  Types  (A,B,  and  C)  exist  in  an  unsteady 
state,  often  cyclic  in  nature.  Examples 
are:  leading  edge  cavitation  (Type  B)  on 
propellers  operating  in  wakes  or  on  inclined 
shafts,  semi-submerged  (Type  C)  supercavita- 
ting  propellers,  intermittent  thin  airfoil 
stall  (Type  A)  on  helicopter  and  turbine 
blades. 

The  problem  of  intermittent  cavitation 
on  marine  propellers  operating  in  ship  wakes 
is  especially  severe,  as  it  often  results 
in  severe  noise  and  vibration,  and  occasion¬ 
ally  in  structural  failure  of  nearby  plating. 
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DATA  OF  ACOSTA  AND  WADE  FOR 
75  PLANO-CONVEX  FOIL 
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FIGURE  21  -  COMPARISON  WITH  EXPERIMENTAL 

DATA  OF  KERMEEN  FOR  RECTANGU¬ 
LAR  FLAT  PLATE  WINGS 
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The  behaviour  of  non-steady  cavities  on 
foils  is  complex:  several  different  types 
of  cavitation  have  been  observed  to  exist  in 
both  steady  and  unsteady  flows  over  foils, 
including  propeller  sections.  The  present 
work  is  devoted  to  further  understanding  of 
non-steady  sheet  cavities,  and  especially 
cavities  on  thin  foils  with  leading  edge 
detachment . 

The  Formulation  of  the  Unsteady  Problem 
(Sheet  Cavitation) 

Here  we  review  a  more  detailed  deriva¬ 
tion  presented  by  Tulin  [Mj,  ATTC.  tier's 
equation,  which  applies  at  each  point  in  the 
flow,  can  readily  be  written  in  the  form: 

V  (|f  +  q2/2  +  p/P)  =  0  (34) 

In  its  linearized  form,  on  the  cavity 
(which  lies  in  the  x-z  plane): 

h  +  &  = 0  <35> 

so  that  ?  is  preserved  by  particles  flow¬ 
ing  on  the  cavrty.  In  fact,  Tulin  [^3  has 
derived  an  exact  expression  for  the  change 
in  particle  velocity  tangential  to  the 


cavity,  u 


He  found: 


_ s.  =  _  v  •  — 


where  ds/d6  is  the  radius  of  curvature  of 
the  cavity  at  any  point,  and  V  its  velocity 

normal  to  itself  (for  a  steady  cavity, 

V  =  0).  The  change  in  the  speed,  us/qc  of 

a  particle  travelling  on  the  cavity  is  thus 
S5  ' 

0(—-^),  which  is  of  small  order.  Tulin  [fck] 
"c 

thus  concluded  that  the  tangential  particle 
speed  on  the  cavity  is  equal  to  its  value 
at  the  leading  edge,  except  in  the  immediate 
vicinity  of  the  trailing  edge  (this  region 
is  eventually  ignored  in  the  boundary  value 
problem) . 

At  the  leading  edge: 


(o.t)  _ 


us2(o,t)  +  7^(0, t) 


=  1+0-T 


where  o ( t )  = 


Pc(t> 


°C/2 


❖t(o,t)  -  $  (®,t) 

T(t)  =  — - - -  (39 

C/2 

We  nave  allowed  for  the  pressure  on 
the  cavity  to  vary  with  time,  as  it  might 
in  the  case  of  Types  A  and  C,  although  in 
the  case  of  a  vapor  filled  cavity,  pc  =  py 

(const l.  We  call  t(t)  the  acceleration 


number . 

We  assume,  as  usual,  that  at  the  point 
of  cavity  detachment  the  separation  of  the 
cavity  is  smooth.  Then  (37)  can  be  written: 

r .  /vn(°>vi* 


u  (°,t)  [  /Vn(0)M 

-\“  =  l  1+0'T  -lir/J  (40) 

The  difficulty  in  evaluating  (40)  lies 
in  the  determination  of  t,  which  Tulin  under¬ 
takes  from  Green's  formula  applied  to  the 
entire  surface  on  which  the  cavity  lies.  We 
omit  the  details  but  Tulin  [i!^]  finally  finds 
that  in  the  case  of  thin  wings: 

7(0, t)  =  =  0  )  1 

C/2  IA  a 

*(l!X«)[‘"  H  *  "H]b 

As  a  result, 

x(o,t)<<l  if  (jp)  £n(B/c)  =  0(1)  and 


(¥) 


<<1  which  includes  cases  of  marine 


interest. 

The  subsequent  discussion  reproduces 
Tulin  [til. 


The  Streak  Diagram. 


The  trajectory  of  a  particle  travelling 
on  a  cavity  can  be  displaced  tn  a  diagram  re¬ 
presenting  s,  the  distance.  ..raveled  by  the 
particle  since  leaving  a  specific  poin  on 
the  leading  edge  vs.  the  time,  t  .  Note 

C 

that  in  Figure  22a  the  str^aK  diagram  refers 
to  only  one  p^tteular  origin  on  the  lead¬ 
ing  edge;  for  the  sake  of  generality  we  have 
shown  a  case  where  the  cavity  detachment 
point  moves  relative  to  the  leading  edge.  It 
the  case  of  a  thin  foil  and  where  the  flow 
may  be  assuemd  planar,  the  streak  diagram 
takes  the  form  shown  as  Figure  22b. 

The  slope  of  the  streak  line  is  given 


On  the  cavity,  the  variation  in  the 
slope  is  given  by  (36).  The  initial  slope 
is  given  by  (40)  and  a  value  of  T(o.t)  deter¬ 
mined  from  (41).  As  a  result: 


u  =  u„ 
s  c 


a  +  o 


excluding  terms  of  0  C(^)(— 1-)3;  it  has 
been  assumed  that, 


(==>  ^  (B/c)  =  0(1) 


as  is  usually  the  case  for  ship  propellers 


a. 


FIGURE  22  -  STREAK  LINE  DIAGRAM 

a.  GENERAL 

b.  PLANAR,  THIN  FOIL 


FIGURE  23  -  PATHOLOGICAL  CAVITY 
CONDITIONS 

a.  "PLOUGHING'' 

b.  "BREAKING" 


operating  in  wakes. 

This  very  important  result,  (42),  pro¬ 
vides  the  basis  for  an  essentially  simple 
unsteady  theory  asymptotic  to  the  frequency 
limits: 

£5  ’ 

s —  «  i  ;  ~  =  od)  (44) 

In  fact,  the  second  of  these  conditions 
(moderate  reduced  frequency)  implies  the 
former  in  the  usual  case  of  thin  cavities. 

In  the  usual  case  of  cavitating  flows, 
o  =  const.,  and  (42)  implies  everywhere 
parallel  streak  lines,  as  shown  in  Figure 
23,  and  a  boundary  value  problem,  excluding 
the  closure  condition,  identical  to  the 
steady  flow  case  where  (42)  also  applies. 

As  we  shall  see  in  the  subsequent  section, 
the  closure  condition  will  be  effected  by 
the  unsteadiness  to  the  order  of  our  approxi¬ 
mation. 

The  streak  diagram  immediately  allows 
the  prediction  of  two  pathological  phenomena 
in  the  flow:  1.)  cavity  "ploughing,”  and 
2.)  cavity  "breaking"  or  shocks."  The  form¬ 
er  of  these  can  arise  during  the  expansion 
of  a  sheet  cavity  when  the  expansion  rate 
is  excessive  (&t  >  uc),  as  in  the  region 

between  b  and  c  in  Figure  23a.  There,  the 
cavity  is  overcoming  fluid  which  has  pre¬ 


viously  flowed  over  the  foil,  a  condition 
likely  to  be  very  disruptive  of  the  cavity. 

Cavity  "breaking"  can  occur  only  when 
the  slope  of  the  streak  lines  varies  from 
line  to  line,  as  would  occur  when  c  =  c(t), 
as  in  a  ventilated  flow  undergoing  pulsations. 
In  this  case  the  streak  lines  have  the  pos¬ 
sibility  to  intersect.  The  condition  for 
this  intersection  can  be  shown  to  be,  see 
Figure  23b: 

*  usJ(o,t) 

x  =  3us/3t(o,t)  (45) 

The  intersection  of  streak  lines  implies 
very  sharp  gradients  in  us  or,  according  to 
(36),  growing  kinks  in  the  flow,  somehow  re¬ 
miniscent  of  wave  breaking. 

Cavity  Growth  and  the  Closure  Condition. 

The  rate  of  change  of  cavity  volume  is 
(the  body  shape  is  assumed  not  to  change): 


Using  the  definition  of  $  and  since  the 
body  itself  is  closed,  i.e.. 
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For  all  collapsing  cavities  (V  <  0 
there  are,  as  in  the  steady  case,  two  solu¬ 
tions  for  each  value  of  C^/2so  less  than  a 

critical  value  (one  long  and  one  short 
cavity)  and  no  solutions  for  larger  values. 

In  the  case  of  growing  cavities  (V  >  C) 
there  are  either  none,  one  (long),  three 
(two  short  and  one  long),  or  one  (short) 
solution.  The  situation  is  illustrated  in 
Figure  26.  During  cyclic  motion,  solutions 
must  generally  be  found  in  the  regions  © 
and  ®  in  the  Figure  26. 
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FIGURE  26  -  THE  SIX  REGIONS  FOR  DYNAMIC 
CAVITIES 

Stability  of  Acosta’ a  Solution. 

We  note  that  any  point  on  the  upper 
branch  (b-c)  ol  the  zero  growth  curve 

(V  =  0)  will,  if  alightly  disturbed,  diverge: 
a  point  just  above  the  curve  will  diverge 
to  increasing  values  of  i  and  a  point  just 
below  will  diverge  to  the  lower  branch 
(short  cavities).  These  facts  explain  why 
only  the  short  cavity  branch  of  Acosta's 
solution  are  observed. 

Limit  Cycles  at  Large  C,  . 


For  steady  values  of  CL/2so  larger  than 

the  critical  value  (0.0962).  any  length  will 
diverge  with  changing  growth  rates.  In 
practice,  the  growing  cavity  eventually 
tears  off  at  the  rear,  and  the  shortened 
cavity  resumes  its  growth  in  a  limit  cycle 
behaviour,  see  Wade  and  Acosta  [?2j. 

Hysteresis. 

During  cavity  motions  forced  by  cyclic 
changes  in  C^,  as  occur  when  a  propeller 

enters  and  leaves  a  wake  peak  or  when  a  foil 
is  oscillated  as  in  dark  and  Berlekora  [-53 
or  Shen  and  Peterson  [t6j,  the  cavity  length 
will  follow  a  similar  trajectory  in  Figure 
25.  At  extremely  low  frequencies,  so  that 

JU 

V/sq  co«  0.01  everywhere,  the  trajectory 
wili~lie  very  close  to  the  steady  state 
curve  { t  vs  C, ).  As  the  frequency  of  motion 


increases,  the  hysteresis  lcop  will  be¬ 
come  evident,  see  Figure  27.  It  arises 
since  growing  cavities  must  be  shorter  than 
a  stable  cavity,  while  collapsing  cavities 
must  be  longer. 
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FIGURE  27  -  CAVITY  MOTIONS.  HYSTERESIS 
(SCHEMATIC) 


Note  the  following  effects  which 
accompany  hysteresis:  1.)  the  maximum  cavity 
length  is  reached  after  C.  has  reached  its 

maximum  and  begun  to  decline;  note  that 
collapse  cannot  occur  until  after  CL/2so 

declines  to  a  value  <0.0962;  2.)  the  maxi¬ 

mum  length  would  seem  to  be  reduced  with  in¬ 
creasing  frequency;  3.)  the  collapse  rates 
seem  inevitably  higher  than  growth  rates, 
and  especially  when  values  of  CL  are  reached 

beyond  critical;  4.)  when  exceeds  its 

critical  value,  the  possibility  of  divergence 
also  exists  as  in  the  steady  cass,  so  that 
the  cyclic  motion  can  include  a  tearing  off 
of  the  rear  of  the  cavity  followed  by  col¬ 
lapse  of  the  remaining  short  piece. 

The  first  of  these  effects  is  difficult 
to  observe  without  knowledge  of  C.  .  The  re¬ 
mainder  of  these  effects  nave  been  observed. 
For  example.  Figure  28  taken  from  Bark  and 
Berlekoa  [-53  (illustrates  3.  above),  which 
is  an  especially  important  effect  in  view  a*' 
the  high  pressures  generated  during  rapid 
collapse. 

Unsteady  hydrodynamic  effects  on  a  fully 
wetted  foil  undergoing  oscillations  lead  both 
to  a  lag  between  the  lift  generated  and  the 
angle  of  attack,  and  a  reduction  in  the  maxi¬ 
mum  C,  generated.  The  latter  effect  should 

generally  result  in  shorter  cavities  with 
increasing  frequency,  a  similar  tendency  as 
occurs  due  to  cavity  dynamic  effects. 

The  accurate  calculation  of  a  trajectory- 
curve  in  t  vs  CL  would  require  a  continuous 

calculation  of  the  cavity  volume  including 
unsteady  effects  for  a  given  cyclic  motion. 


-  i!7 


*  i’ 
s  .r 
*#«•**«* 


^  *'**  •c"i'  »  US  r*i*ss*  *#■»!  k-*i 


FIGURE  23  -  CAVITY  AREA  AND  GENERATED 

PRESSURE  AS  FUNCTIONS  OF  TIME 

OSCILLATION  PERIOD  19 

FROM:  BARK  AND  BERLEKON  [«: 


Extension  of  the  Theory. 

To  the  unsteady  approximation  used  in 
the  calculation  of  the  flat  plate  non¬ 
steady  curve,  the  theory  of  Tulin  and  Hsu 
13cj  can  readily  be  applied  to  the  calcu¬ 
lation  of  dynamic  cavities  for  foils  in 
general  unsteady  cation. 

The  steps  involved  are.  1.)  the  cal¬ 
culation  of  the  fully  watted  velocity  dis¬ 
tribution  including  finite  span  and  un¬ 
steady  (including  wake)  effects:  this  can 
often  he  done  utilizing  lifting  surface 
theory:  2.)  the  use  of  the  T-H  theory- 
utilizing  (42)  and  (44).  in  addition: 

3.)  the  continuous  calculation  of  the  cavity- 
shape  and  vol'tae  using  retarded  time.  Soto 
that  there  are  three  distinct  unsteady  ef¬ 
fects  which  must.  in  theory,  he  taken  into 
account  here:  a.)  the  effect  of  unsteadi¬ 
ness  on  the  fully  wetted  vel  oci  ty  d istr 2  *• 
butios.  b.)  the  effect  of  the  cavity  clo¬ 
sure  condition.  Ct)  =  3V/3t,  on  the  so¬ 
lution  of  the  T-H  problem;  and  c.)  the  ef¬ 
fect  of  retarded  time  on  the  cavity  volume, 
for  use  in  calculating  51^ (  i  ) -  So  are 

currently  pursueing  these  kinds  of  calcu¬ 
lations  starting  with  the  first  of  these 
effects  a.)  and  b.)  in  the  case  of  mar¬ 
ine  propellers  operating  on  an  inclined 
shaft,  utilizing  the  non-steady  fully  wet¬ 
ted  solutions  provided  by  Kerwin  [hyl. 

SUMMARY 

1.  We  have  shown  how  cavity  flow  theory 
may  be  applied  to  wakes  and  separation 
bubbles  (Type  A  cavities)  as  well  as  gas 
filled  cavities  (Types  B  and  C).  In  parti¬ 
cular  we  have  applied  the  principle  of 


forebody-pseudobody  drag  equivalence,  see 
Figure  6,  and  derived  relatively  simple 
relations  between  the  wake  pressure  (c)  and 
two  parameters  characterizing  the  viscous 
aspects  of  the  flow,  see  Figure  7.  These 
narameters  are  H, .  the  boundary  laver  shape 

factor  (6  /S’)  at  the  rear  of  the  wake  and, 
in  the  case  of  turbulent  flow,  the  constant 
friction  coefficient  on  the  dividing  stream¬ 
line,  C^. 

2.  Comparison  is  made  between  measurements 
and  theory  in  the  case  of  a  trailing  wake 
behind  a  vertical  flat  plate  and  the  lead¬ 
ing  edge  separation  bubble  on  s  thin  double- 
wedge  airfoil,  resulting  in  good  agreement. 

3.  As  part  of  the  wake  theory,  a  result 
is  obtained  which  relates  the  forts  drag  on 

a  closed  planar  body  with  the  pressure  coef¬ 
ficient  along  its  surface  (and  indirectly 
with  the  body  thickness  ratio),  Eq.  (10). 

4.  A  physical  model  is  proposed  for  the 
flow  past  gas  filled  cavities  allowing  for 
a  oost-ca  ity  separation  and  deceleration 
zone,  in  wnich  the  forebody  drag  is  realized 
tn  momentum  loss  in  the  external  flow.  This 
loss  is  brought  about  by  friction  on  the 
dividing  streamline  behind  the  cavity,  which 
separates  the  external  flow  and  a  closed 
separated  region  containing  recirculating 
eddies,  see  Figure  3. 

5.  A  recent  new  theory  of  Tulin  and  Hsu 
for  the  prediction  of  flows  with  attached 
leading  edge  cavities  is  reviewed.  This 
theory  is  based  on  a  perturbation  oa  the 
fully  wetted  flow  (without  cavitation)  and 
allows  for  account  of  leading  edge  roundness, 
which  has  an  important  influence  on  cavity 
length  ana  volume. 

6.  Comparison  is  made  between  cavity- 
length  measurements  and  theory  for  planar 
biconvex  and  plano-convex  foils  with  good 
agreement  ior  angles  of  incidence  up  to  4- 
6°,  beyond  which  viscous  separation  likely 
initiates. 

The  theory  is  extended  three-dimen¬ 
sional  foils  by  considering  the  effect  of 
leading  edge  cavitation  and  a  two-dimensiona’ 
perturbation  to  a  three-dimensional  flow. 

The  three-dimensional  effects  are  very  im¬ 
portant.  A  comparison  is  made  between  cavity 
length  measurements  and  theory  for  rectangu¬ 
lar  wings  of  aspect  ratio  2  and  4  with  good 
agreement . 

7.  A  very  recent  theory  of  Tulin  is  re¬ 
viewed  for  unsteady  sheet  cavitation.  The 
results  show  that  typical  unsteady  leading 
edge  cavities  may  be  treated  as  steady  when 
proper  account  is  taken  of  the  rate  of  change 
of  cavity  volume. 

8.  The  notion  of  streak  diagrasss  is  Intro¬ 
duced  and  used  to  predict  the  possibility 

of  pathological  cavity  behavious,  including 
"ploughing"  and  cavity  "breaking.’' 


)  . . Mill . . . . ,  . . 


9.  Tulin's  unsteady  theory  is  applied  to 
the  case  of  flat  plate  sections  and  pre¬ 
dictions  are  Bade  of  cavity  length  depending 
on  a  cavity  volume  rate  of  change  parameter. 
It  is  shown  that  growing  cavities  are  re¬ 
duced  in  length  relative  to  steady  cavities 
and  collapsing  '•avities  increased  in  length. 
This  gives  rise  to  a  hysteresis-like  be¬ 
haviour  of  dynamic  cavities,  as  observed  in 
practice.  The  results  of  the  theory  also 
explain  why  only  the  shorter  of  the  two 
cavities  predicted  in  steady  theory  is  ob¬ 
served  (the  larger  is  unstable). 
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Discussion 


A  J.  Acosti.  *J) 

It's  always  a  pleasure  to  read  the 
original  and  far-sighted  work  of  Messrs. 
Tulin  and  Hsu.  I  was  particularly  intrigued 
by  the  easy  way  in  which  unsteady  cavity 
motions  of  low  frequency  are  handled  in 
their  present  paper.  These  unsteady  cavity 
motions  have  been  literally  the  despair  of 
theoreticians  in  the  field  and  the  new 
"quasi-steady"  approximations  presented 
herein  are  a  most  welcome  alternative  to  the 
blizzard  of  analysis  required  in  formal 
theories. 

The  use  of  the  developments  leading  to 
Eq. (49)  and  its  subsequent  use  to  explain 
the  stability  of  the  "short"  cavity  partial 
cavitation  solution  was  most  interesting  to 
me.  This  writer  had  always  assumed  the 
"long"  cavity  branch  to  be  unstable  for  a 
different  reason  however,  namely,  that  at 
constant  sigma,  Cu*  is  negative  for  quasi 
steady  behavior  which  then  leads  to  the 
notion  of  a  diverging  cavity  oscillation 
because  of  the  shed  vortex  wake  downwash. 
This  mechanism  still  appears  to  be  a  possi¬ 
ble  one  for  the  dynamic  cavities  of  Pig. 25. 
Perhaps  the  authors  could  comment  on  the 
possible  eff«  t  of  this  vortex  wake  on  tneir 
flows  as  Ref. 44  is  not  generally  available. 

The  effect  of  growing  and  collapsing 
cavities  on  cavity  length  and  lift  coef¬ 
ficient  is  also  most  interesting  and  pro¬ 
vides  a  likely  mechanism  for  the  hysteresis 
often  observed  for  cycle  partial  cavitation. 
It  is  interesting  to  note  that  a  consistent 
closed  cavity  (Tulin)  model  for  low  frequen¬ 
cy  unsteady  flows*  shows  that  the  dynamic 
cavity  length  fluctuation  lags  the  quasi¬ 
steady  one  by  an  amount  proportional  to  the 
frequency  in  agreement  with  the  arguments 
presented  in  the  paper.  These  kinds  of 
conclusions  may  however  be  modified  by  the 
mathematical  model  chosen  for  cavity  closure 
in  dynamic  flows.  Would  the  authors  care 
to  discuss  this  point  further  as  it  has 
been  such  a  troublesome  one  in  the  past  ? 

*  Acosta , A. J . ,  Furuva , 0 . ,  "A  Brief  Note  on 
Linearized,  Unsteady  Supercavitatinq  Flows", 
J,  Ship  Res.  23 ,No. 2 , 1979 ,p. 85-88 


A.Y.  Odaba?i  (BSRA) 

Since  the  publication  of  the  present 
authors'  perturbation  method[36]we  at  B.S. 
R.A.  converted  and  applied  it  to  the  pre¬ 
diction  of  propeller  cavitation  and  cavi¬ 
tation  induced  pressures.  Our  experience 
showed  that  the  presence  of  a  finite  cavity 
end  thickness  has  a  strong  influence  on  both 
the  cavity  geometry  and  the  pressures 
emanating  from  a  cavitating  propeller. 

With  the  increasing  cavity  end  thickness 


cavity  length  and  area  first  decrease  and 
after  exceeding  a  critical  value  they  start 
to  increase  again.  Therefore  the  choice  of 
the  drag  coefficient  becomes  crucial  and 
the  linear  theory  predictions  are  inadequate 
for  this  purpose.  I  would  therefore  like 
to  hear  the  advise  and  views  of  the  authors. 


Author’s  Reply 


M.P.  Tulin  (HyUronaulic s) 


We  are  grateful  to  '  rof .  Acosta  for 
his  comments  and  kind  remarks. 

With  regard  to  his  alternative  explana¬ 
tion  for  the  instability  of  the  upper  branch 
of  */c  vs  “/(j ,  we  cannnot  comment  new  as  we 
have  not  sufficiently  studied  his  mechanism. 

In  regard  to  the  effect  of  the  wake, 
the  result,  Figure  25  of  our  paper,  should 
be  interpreted  to  apply  at  low  frequencies. 
In  this  case  when  the  value  of  Cl  is  inter¬ 
preted  to  include  the  unsteady  effect  of 
vortex  shedding  in  the  wake,  our  theory  is 
adequate. 

We  agree  with  Prof.  Acosta’s  earlier  use 
of  the  (essentially)  closed  cavity  model  in 
dynamic  flows.  It  is  certainly  appropriate 
(with  slight  modification  for  the  trailing 
momentum  wake  due  to  drag)  when  applied  to 
steady  flows  as  we  have  shown  in  our  paper, 
and  we  see  no  reason  to  abandon  it  in  the 
case  of  unsteady  flows  as  are  met  in  prac¬ 
tice.  We  are  gratified  that  the  earlier 
analysis  of  Acosta  and  Furuya  in  the  case 
of  supercavitating  flows  showed  a  lag  in 
cavity  length  of  the  same  type  as  revealed 
by  our  analysis  for  short  cavities. 


We  thank  Dr.  Odaba^i  for  his  interest 
in  our  werk,  and  are  glad  to  note  its 
earlier  application  by  him  in  the  case  of 
ship  propellers. 

We  too  find  the  cavity  thickness  at 
termination  of  some  importance  in  deter¬ 
mining  cavity  lengths.  This  thickness,  f, 
is  proportional  to  cavity  drag  (Eq.  27  of 
our  text)  and  in  our  own  calculations  we 
use  the  theory  to  predict  wavity  drag  for 
f =0  and  then  re-calculated  ysing  f  based 
on  that  drag.  In  our  experience,  the  ef¬ 
fect  of  f  in  practice  was  always  to  reduce 
the  cavity  length.  Dr.  Odaba^i  states  that 
linear  theory  is  inadequate  for  the  calcu¬ 
lation  of  cavity  drag,  but  in  this  we  would 
not  agree,  as  the  cavity  drag,  although  of 
second  order  in  lift,  is  already  expressed 
in  the  linear  theory. 
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Off-Design  Performance  Prediction  Method 
for  Supercavitating  Propellers 


Okitsugu  Fur>iya 

let' a  Tech,  Inc 
Pasadena  California.  USA 


ABSTRACT 

In  order  to  account  for  the  effect  of 
the  flow  blocKage  due  to  the  existence  of 
cavity  on  the  supercavitating  propeller  per¬ 
formance,  a  two-dimensional  cascade  theory 
was  used  for  the  basis  of  the  sectional 
blade  loading  data.  Three-dimensional  pro¬ 
peller  corrections  were  then  made  for  these 
data  by  applying  a  typical  propeller  lifting¬ 
line  method.  Unlike  the  design  method,  the 
present  performance  prediction  theory 
(often  called  the  "off-design"  method) 
should  satisfy  the  boundary  condition  at 
each  radial  position  of  the  propeller  blade, 
namely  the  velocity  diagram.  This  led  to  a 
set  of  nonlinear  functional  equations  to  be 
solved  for  determining  tne  functional  dis¬ 
tribution  of  the  vortex  strength.  Newton's 
iterative  method  was  applied  for  determining 
the  unique  solution.  Numerical  results  com¬ 
pared  favorably  with  existing  experimental 
data  for  highly  choxing  conditions  or  long 
cavity  cases,  but  not  quite  satisfac*  !ly 
for  short  cavity  cases. 

NOMENCLATURE 

a,b,c  =  ^-coordinates  in  two-dimensional 

cascade  problem 

aQ  =  two-dimensional  lift  coefficient 

A  =  scale  factor  of  cascade  mapping 

function 

c  =  chord  length  of  blade  ,  - 

Cp  =  power  coefficient  (^P/^pVg  irR^) 

C_  =  thrust  coefficient  (=T/JspVa^~R^) 

d1  =  spacing  between  two  blades 

D  =  propeller  diameter  (=  2R) 

g  =  number  of  blades 

G  =  normalized  circulation  (=r/2irRVa) 

i  , i  =  induction  factors  for  the  axial 
a  and  tangential  induced  velocities 

wa  and  wt 


speed  coefficient  (Va/nD  =  it  a) 

source  strength 

propeller  rotational  speed 

static  pressures  at  upstream  uniform 

flow  and  inside  the  cavity 

power 

torque 

radial  position  from  the  propeller 
axis 

propeller  hub  radius 
propeller  radius 

half  of  the  span  length,  also  used 
as  arc  length  on  the  blade  measured 
from  the  cavity  separation  point 
solidity  (=  c/d) 

total  wetted  arc  length  of  the  blade 
thrust 

velocity  at  upstream  infinity  with¬ 
out  downwash  correction  nor  cavity 
source-term  correction 
velocity  at  downstream  infinity 
geometric  mean  velocity 
relative  velocity  to  the  blade 

(=  ( (wr) 2  +  Va2)  ) 
advance  speed  (axial  flow  speed) 
induced  velocity  due  to  the  cavity 
thickness  effect 

effective  velocity  including  in¬ 
duced  velocities  ^ 

=  i  t, * 2  4-  lu  +  v 


wa,wt 


=  ■J(wr-wt)‘ 


<wa  +  V 


induced  velocities  in  the  axial  and 
tangential  directions,  respectively 
normalized  radial  position  (=r/R) 
deflected  flow  angle  referred  to  the 
nose-tail  line 
induced  flow  angle 
effective  incidence  angle 
geometric  incidence  angle 
geometric  mean  flow  angle 
pitch  angle 

(=  tan  ^  v./ur  =  tan  ^  j/ttx) 

a 


8^  =  pitch  angle  including  downwash  effect 

(=  tan-1(wa  +  Va)/(u)r-wt) 

S’  =  local  slope  of  blade 

Y  =  geometric  stagger  angle 

T  =  circulation 

6  =  stagger  angle  in  potential  plane 

(=  ae+Y> 

?  =  transform  potential  plane 

n  =  propeller  efficiency  (=  Cx/Cp) 

A  =  advance  coefficient  (=  Va/wR) 

5  =  real  axis  of  the  c-plane 

p  =  density  of  fluid  , 

oe  =  local  cavitation  number  (=  (Pi-PjO/^nvp 
a)  =  angular  velocity  of  propeller 

1.  HISTORY 

Various  investigations  on  supercavi- 
tating  (s/c)  propellers  have  been  conducted 
to  date  and  these  can  be  divided  into  three 
major  categories,  i.e.,  those  of  (1)  design 
methods,  (2)  off-design  methods,  and  (3) 
experiments.  The  pioneer  work  in  the  first 
category  was  conducted  by  Posdunine  [  1  ~  4  ] 
during  the  1940's  but  the  first  systematic 
work  was  presented  by  Tachmindji  and  Morgan, 
et.  al.  [5,  6].  They  provided  a  design 
method  of  s/c  propellers  based  on  a  conven¬ 
tional  propeller  design  method  combined  with 
s/c  hydrofoil  theories.  Their  works  were 
followed  by  the  papers  of  Caster  [7]  who 
generated  a  design  chart  for  2-,  3-,  and  4- 
bladed  s/c  propeller  series.  The  works  by 
English  [8],  Davis  and  English  [9],  Tulin 
[10],  Earr  [11],  Scherer  and  Bohn  [12],  and 
Bohn  and  Altmann  [13]  covered  various  prob¬ 
lems  in  s/c  propeller  design  procedure. 

Cox  [14]  established  a  rather  complete 
formula  by  applying  the  singularity- 
distribution  method  for  s/c  propeller  flow:'. 
The  DWTNSRDC  of  the  U.S.  Navy  has  been  tbs 
center  of  activity  in  this  field  in  recent 
years  and  the  most  sophisticated  appro? oh 
has  been  developed  there.  Unlike  the  other 
works  mentioned  above,  Yim  combined  the 
propeller  lifting-surface  theory  with  a  two- 
dimensional  supercavitating  cascade  flr>.y 
theory,  leading  to  various  publications 
[15-17].  Baker  [18]  also  developed  an  engi¬ 
neering  design  method  by  using  a  modified 
lifting  surface  theory.  The  only  other  work 
which  applied  the  lifting  surface  theory  is 
that  of  Luu  and  Sulmont  [l8],  but  in  a  much 
simpler  way. 

Regarding  the  off-design  method,  how¬ 
ever,  very  few  works  have  been  done  so  far. 
Nishiyama  [19]  applied  a  lifting-line  theory 
in  combination  with  linearized  two-dimensional 
finite  cavity  theories,  whereas  Luu  and 
Sulmont  [20]  used  the  force  data  at  the 
choking  condition  obtained  with  linearized 
s/c  cascade  theory.  Neither  of  them  seemed 
to  successfully  predict  the  s/c  propeller 
performance  over  a  wide  range  of  advance 
speed  J  with  high  accuracy. 

The  propellers  designed  with  the  method 
developed  at  NWTNSRDC  were  tested  and  the 
results  were  presented  by  Hecker  and  Peck 
[21],  Venning  and  Haberman  [22],  Voorde  and 
Esveldt  [23],  Peck  and  McDonald  [24],  and 


Peck  [25].  In  addition,  Bohn  [26]  recently 
presented  experimental  results  for  a  Hydro- 
nautics-designed  s/c  propeller. 

The  state  of  art  for  the  supercavitating 
propeller  theories  may  be  well  described  by 
the  latest  comparison  in  [25].  Two  super¬ 
cavitating  propellers  were  independently 
designed  by  Hydronautics  [13]  and  DWTNSRDC 
[18]  for  use  on  a  hydrofoil  ship  the  size 
of  which  was  rather  small  to  achieve  the 
ship  speed  higher  than  50  knots.  Model 
tests  were  conducted  for  these  propellers, 
the  results  of  which  are  summarized  in  Table 
1  (from  [25]).  It  is  clearly  seen  from 
Table  1  that  the  design  of  Hydronautics 
overestimated  the  thrust  coefficient  Kf  and 
n  by  more  than  10%,  whereas  that  of  DWTNSRDC 
underestimated  K-p  and  n  by  6%  and  20%,  re¬ 
spectively.  The  design  methods  of  Hydro¬ 
nautics  [13]  and  DWTNSRDC  [18]  are  rather 
of  an  engineering  type  but  inclusive  of 
various  important  aspects  such  as  the  lift¬ 
ing  surface  correction,  cascade  effect,  and 
flow  retardation  correction,  despite  the 
fact  that  the  approaches  taken  by  them  were 
rather  different. 

We  must  say  that  although  the  latest 
design  methods  have  become  more  sophisticated 
and  complicated,  a  large  discrepancy  between 
the  design  data  and  model  data  still  exists. 
The  discrepancy  is  almost  of  the  same  amount 
as  that  found  in  the  earlier  works  (see 
Table  1  in  [22],  for  example).  To  the  author 
the  major  problem  seems  to  stem  from  lack 
of  an  accurate  prediction  of  the  state  of 
cavitation.  This  argument  may  be  supported 
by  the  difference  in  the  speed  coefficients 
between  the  design  and  model  tests  as  shown 
in  Table  1.  For  the  Hydronautics  propeller 
■it  was  found  that  the  Jtest  was  ""ich  smaller 
then  J<3es-iyn»  whereas  for  the  DWTNSRDC  pro¬ 
peller  the  si*-Crttioi  was  entirely  opposite. 

It  means  that  vha  fc-mar  propeller  reached 
the  supercavitating  condition  much  earlier 
than  designee  scA  that  a  good  efficiency  was 
not  achieved.  The  latter  propeller  could 
extend  the  ,  •  condition  to  much  larger  J, 
resulting  ?,  -.aving  a  higher  performance 
thar  that  r  design.  It  all  amounts  to  the 
fact  chat  cue  to  only  one  additional  factor, 

1. e.,  existence  of  cavitation,  it  makes  both 
design  and  prediction  methods  for  s/c  pro¬ 
pellers  extremely  difficult.  Finally,  in 
order  to  prove  the  accuracy  of  Yim's  design 
method  [15-17]  we  should  still  await  the 
results  of  model  tests  which  will  become 
available  in  the  near  future. 

2 .  APPROACH 

Unlike  the  conventional  propellers,  the 
development  of  s  prediction  method  for  super¬ 
cavitating  (s/c)  propeller  performance  at 
off-design  conditions  involves  an  additional 
complexity  due  to  the  existence  of  the 
cavity  as  mentioned  above.  Such  propellers 
as  used  at  high  speeds  are  expected  to  have 
cavities  on  blades  which  will  cause  blocking 
or  choking  on  the  flow  passages  as  the  ex¬ 
tent  of  cavity  becomes  large  both  in  length 
and  thickness.  Some  propeller  designers 
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have  already  pointed  out  the  importance  of 
the  cascade  effect  in  s/c  propeller  design 
in  their  earlier  papers  such  as  [6]. 

A  similar  effect  was  also  found  impor¬ 
tant  even  for  subcavitating  propellers:  the 
paper  by  Kerwin  and  Leopold  [27]  showed  that 
large  incidence  angle  corrections  are  nec¬ 
essary  due  to  blade  thickness  effect  even 
if  the  blade  thickness  is  small.  The  cor¬ 
rection  became  particularly  significant  as 
the  thickness  ratio  to  the  blade  spacing 
became  high,  e.g.,  near  the  hub.  This 
blade  thickness  effect  is  considered  to  be 
exactly  the  same  effect  on  the  propeller 
performance  as  that  of  the  blocked  cavity 
flow.  It  is  for  this  rcacon  that  cascade 
data  are  to  be  incorporated  into  the  per¬ 
formance  prediction  of  s/c  propellers. 

For  pump  and  turbine  designers,  it  is 
convencional  to  use  cascade  theories  be¬ 
cause  the  blade  spacing  is  quite  small  and 
also  the  blades  are  totally  enclosed  with 
shrouds.  There  exist  very  little  radial 
flow  components  so  that  the  rlow  can  be 
considered  to  be  almost  two-dimer.sional  in 
a  cascade  flow  configuration.  A  question 
now  arises  whether  the  loading  data  obtained 
with  a  cascade  theory  can  be  applied  even 
to  the  propeller  configuration  in  which  the 
blade  solidity  is  not  as  high  as  that  of 
pumps  and  turbines.  Particularly,  the 
solidity  near  the  propeller  blade  tip  area 
is  quite  small.  The  major  objective  of  the 
present  work  is,  therefore,  to  determine  the 
validity  and  limitations  of  using  a  cascade 
theory  in  a  performance  prediction  method 
for  supercavitating  propellers. 

The  method  of  solving  the  present  prob¬ 
lem  is  a  combination  of  a  two-dimensional 
(2-D)  s/c  cascade  theory  with  a  lifting  line 
theory.  The  procedure  to  be  used  is  stated 
as  follows.  Specifying  all  physical  and 
geometric  conditions  of  the  s/c  propeller, 
2-D  loadings  at  several  radial  or  spanwise 
locations  of  blades  will  be  calculated.  A 
difficult  question  exists,  however,  as  to 
what  effective  flow  incidence  angles,  ue, 
must  be  used  for  the  2-D  analysis.  The  in¬ 
duced  flow  effects  in  propeller  configura¬ 
tions  are  usually  strong  so  that  the  geo¬ 
metric  flow  incidence  angles,  cig  (see  Figure 
1  for  definition  of  cig)  are  quite  different 
from  the  effective  incidence  angles,  a  . 

The  present  propeller  problem  is  e 
similar  to  that  of  a  single  foil  having  a 
large  aspect  ratio:  an  integral  equation 
which  relates  the  lifting  force  to  the 
effective  incidence  angle  must  be  solved 
for  determining  the  distribution  of  circu¬ 
lation  P(z)  over  the  span,  i.e., 

S 


r(z)Aaocu  =  ag 


)  dz’ 


z-z ' 


(1) 
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For  the  present  propeller  problem,  the 
induced  velocities  are  represneted  by  two 
components,  i.e.,  the  axial  and  tangential 
velocities,  Wa  and  Wfc.  Assuming  the  aspect 
ratio  of  the  propeller  blade  is  large,  we 
can  apply  a  lifting  line  theory  for  the 
evaluation  of  the  propeller  induced 


velocities.  The  formula  for  the  propeller 
case  is,  of  course,  somewhat  more  compli¬ 
cated  than  that  for  the  single  foil  case. 

The  free  vortex  sheets  for  the  propeller 
flow  are  of  semi-infinite  helical  spiral 
shape  instead  of  plane  shape  for  the  single 
foil  flow.  The  effective  angle  of  flow 
incidence,  ae,  is  then  obtained  by  subtract¬ 
ing  the  angle  induced  by  Wa  and  Wc  from  ag 
(see  Figure  1  for  the  flow  diagram) . 
Applying  this  ae  to  the  lift  curves  calcu¬ 
lated  by  the  2-D  s/c  theory,  we  can  deter¬ 
mine  the  two-dimensional  circulation  dis¬ 
tribution  with  help  of  Joukowski's  theorem. 
In  order  to  determine  the  distribution 
function  for  the  three-dimensional  circula¬ 
tion  r,  the  induced  velocities  should  satis¬ 
fy  the  boundary  condition  which  is  essen¬ 
tially  the  velocity  triangle  shown  in  Fig¬ 
ure  1,  similar  to  (1)  in  its  form.  A  set 
of  nonlinear  integral  equations  will  then 
be  solved  by  using  Newton's  iterative 
method,  the  details  of  which  will  be 
described  later. 

An  inherent  problem  exists  when  one 
tries  to  apply  the  two-dimensional  s/c 
cascade  theory  to  three-dimensional  flow 
analysis.  In  the  2-D  s/c  cascade  theory, 
there  exists  a  choking  flow  condition. 

With  a  certain  combination  of  incidence 
angle  and  cavitation  number  for  a  specified 
cascade  geometry,  the  cavity  extends  to 
downstream  infinity,  which  is  called 
"choking"  condition.  The  flow  passage  is 
now  blocked  or  choked  totally  so  that  it 
becomes  impossible  for  the  total  mass  flow 
to  increase  or  for  the  incidence  angle 
beyond  this  point  to  increase.  In  actual 
propeller  operations,  however,  there  are  no 
limitations  on  shaft  rotation  speed,  ship 
speed,  and  submergence  depth  to  be  changed. 
This  means  that  the  local  flow  incidence 
angle  to  the  propeller  blade  and/or  local 
cavitation  number  can  change  over  a  complete 
range  of  such  values,  sometimes  beyond  those 
at  which  the  2-D  choking  condition  occurs. 

A  question  now  arises  as  to  what  loading 
function  is  to  be  used  if  a  combination  of 
the  input  parameters,  i.e.,  cavitation  num¬ 
ber  and  incidence  angle  for  the  two- 
dimensional  cascade  flow,  is  beyond  the 
boundary  of  the  choking  condition  and  thus 
no  force  data  exist. 

In  order  to  correct  this  difficulty, 
two  simple  modifications  on  the  cavication 
number  are  tried  presently.  The  first 
method  is  the  evaluation  of  the  flow  retard¬ 
ation  effect  due  to  the  existence  of  bl3de 
cavities.  (A  different  type  of  approach 
was  discussed  by  Tulin  [28]).  As  a  first 
approximation  the  cavity  is  represented  by 
a  row  of  line  sources  in  cascade  geometry 
and  the  retarded  flow  velocities  are  super¬ 
imposed  on  the  incoming  flow  velocity.  The 
complex  potential  of  such  flow  is  given  by 

W  =  U.  Z  ~i(Y+ae)  + 

l  e 


m  In  |sinh  (■^■)| , 


where  IK  ,  m  and  y  designate  the  undisturbed 
upstream  velocity,  source  strength  and 
stagger  angle,  respectively  (see  Figure  2 
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for  definition) .  The  velocity  potential  is 
thus  obtained: 


dK 

—  =  u 
dz  U1 


e  +  5p/tanh(uz/d) 


As  x  -  +  »,  the  x  -  component  of  the  velocity 
changes  by  +  m:i/d,  respectively.  If  we 
know  the  thickness  of  the  cavity,  i.e., 
d  •  e,  the  strength  of  source,  m,  is  calcu¬ 
lated  by  using  the  continuity  equation 

jt^  cos(V^e)-!|r}d  =  ju2  cos(v+a2) 


f}(d-de) 


U.  cos(‘.  +«  )  -  L' 
I  e 


■  2  cos(-,+-i2)  (1-e) 


It  means  that  although  the  mass  flow, 

U-L  cos(t+ae)  -d  per  blade  from  the  upstream 
infinity,  comes  into  the  cascade,  the 
amount  of  ms  is  re3ected  for  going  through 
the  blade  passage  due  to  the  existence  of 
cavity.  The  rejected  mass  flow,  m~,  can 
be  converted  into  the  velocity  V__ 

V  =  2E.  - i -  (3) 

c  d  cos  ly+a  )  ' 

e 

The  effective  upstream  flow  velocity  to  be 
used  in  the  2-D  analysis  is  then  corrected 
by  subtracting  this  flow  component.  The 
corrected  cavitation  number  then  becomes 
larger  than  that  calculated  on  the  basis  of 
the  flow  velocity  at  upstream  infinity,  thus 
delaying  the  encounter  with  the  choking 
condition. 

As  a  result  of  the  retarding  flow  cor¬ 
rection  mentioned  above,  the  calculated  pro¬ 
peller  performance  checks  better  with  ex¬ 
perimental  data  for  some  range  of  smaller 
J's  than  those  without  corrections.  Yet, 
the  discrepancy  remains  large  as  J  becomes 
further  smaller,  indicating  the  limitation 
of  such  correction  method  for  fully  choked 
propeller  flow  analysis.  The  second  method 
is  thus  devised  to  further  improve  the 
accuracy  of  the  present  prediction  method. 
For  very  small  J's,  the  local  angle  made 
with  blade  section  becomes  extremely  large 
and  far  beyond  the  choking  condition.  Once 
the  flow  locally  chokes,  any  excessive  mass 
of  flow  cannot  go  through  the  blade  pas¬ 
sages,  thus  must  go  around  the  propeller 
blade  tips.  For  fully  choked  conditions, 
therefore,  no  matter  how  much  excessive 
flow  comes  into  a  propeller,  the  local  flow 
pattern  around  the  blade  remains  the  same. 
This  means  chat  the  forces  on  the  blade 
should  stay  on  the  choking  line  in  the 
force  vs.  cavitation  number  curve  once  the 
incoming  flow  condition  reaches  that  for 
the  choking  condition.  Figure  3  shows  a 
typical  force  coefficient  angle  in  which 
the  choking  conditio:,  boundary  is  indi¬ 
cated. 

In  order  to  implement  the  above  idea 
into  the  present  theory,  the  following 


is  proposed  and  used.  For  any  combination 
of  incidence  angle  ae  and  cavitation  number 
ae  with  which  the  loading  aata  are  available, 
or  equivalently  the  cavity  length  is  finite, 
those  data  are  directly  used  as  sectional 
loadings.  On  the  other  hand,  if  no  data  are 
found  for  a  and  o  specified,  i.e.,  crossing 
the  boundary  lineseof  the  choking  condition, 
the  force  data  at  the  choking  condition  will 
be  selected  only  as  a  function  of  incidence 
angle  with  neglecting  cavitation  number. 

Luu  and  Sulmont  [20]  applied  a  similar 
method  to  the  supercavitating  propeller 
problem;  a  difference  existed  in  that  the 
force  data  of  the  choking  condition  were 
used  over  a  complete  range  of  J.  The  re¬ 
sults  of  Luu  and  Sulmont  [20]  showed  a  good 
agreement  with  experiments  for  small  advance 
coefficients  J.  Obviously,  for  larger  J's 
the  cavity  length  at  each  blade  becomes 
finite  so  that  their  assumption  of  using  the 
infinite  cavity  data  becomes  irrelevant. 

As  a  result,  the  agreement  between  the 
theory  and  experiment  showed  discrepancy 
for  larger  J's. 

As  for  two-dimensional  supercavitating 
cascade  theories,  only  linearized  theories 
were  available  until  just  recently;  a  non¬ 
linear  two-dimensional  supercavitating 
cascade  theory  has  been  made  available  by 
Furuya  [29],  facilitating  a  calculation  tool 
with  nonlinear  effects  fully  incorporated. 
This  theory  will  be  employed  for  determining 
the  two-dimensional  sectional  loadings  for 
propeller  blades  throughout  the  present 
investigation. 

Finally,  it  must  be  mentioned  that  for 
determining  the  induced  velocities  the 
source  effect  (which  was  shown  in  Cox  [14]), 
was  purposely  neglected  in  the  present 
lifting-line  theory.  The  present  concept 
of  using  the  cascade  data  as  sectional 
loadings  stems  from  the  fact  that  the 
blockage  effect  due  to  the  blade  cavities 
must  somehow  be  incorporated  into  the  s/c 
propeller  analysis.  If  the  single-foil  data 
were  used,  it  would  be  reasonable  to  incluue 
the  source  distribution  for  representing 
the  thickness  of  cavity  in  the  lifting  line 
expression  and  then  to  calculate  the  induced 
velocities  due  to  the  source.  However,  in 
the  present  method  the  cavity  blockage 
effect  is  included  in  the  counterpart,  i.e., 
in  the  two-dimensional  sectional  loading 
calculation  so  that  the  double  count  must  be 
avoided.  The  argument  mentioned  herein  is 
rather  intuitive  and  thus  the  final  judgment 
for  the  validity  of  the  present  discussion 
must  be  made  in  comparison  with  experimental 
data.  Anotner  way  for  the  theory  justifica¬ 
tion  will  be  the  formal  matching  procedure 
of  the  inner  solution  with  the  outer  solu¬ 
tion,  in  this  case,  the  two-dimensional 
solutions  with  the  three-dimensional  solu¬ 
tion.  If  such  a  method  can  be  developed, 
the  result  will  clarify  the  effect  of  the 
cavity  thickness  at  each  radial  position  on 
the  supercavitating  propeller  performance. 

3.  MATHEMATICAL  FORMULATIONS 

A  two-dimensional  supercavitating 
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cascade  problem  has  recently  been  solved  by 
using  holograph  variables  and  satisfying 
exact  boundary  conditions  everywhere  [29]. 

In  this  method  the  cascade  geometry,  up¬ 
stream  flow  conditions  and  cavitation  num¬ 
ber  are  specified.  Then  the  hydrodynamic 
characteristics  of  the  cascade  are  deter¬ 
mined.  A  system  of  five  nonlinear  func¬ 
tional  equations  must  be  solved  for  five 
unknown  solution  parameters  as  well  as  a 
functional  relationship  between  the  geo¬ 
metric  and  transform  planes.  A  combination 
of  a  functional  iterative  method  with  New¬ 
ton's  method  can  conveniently  solve  the 
above  equations  with  fast  convergence.  More 
details  of  the  theory  and  numerical  method 
are  described  in  [29]. 

As  has  been  discussed  in  the  previous 
section,  the  2-D  s/c  cascade  data  need  the 
three-dimensional  propeller  geometric  cor¬ 
rection.  The  simplest  correction  may  be 
that  of  a  lifting-line  theory  under  the 
assumption  that  the  propeller  blade  has  a 
relatively  large  aspect  ratio.  In  this 
approach  the  induced  velocities  evaluated 
at  the  lifting  line  represent  the  effect  of 
the  three-dimensional  propeller  flow,  or  the 
free  vortices  left  behind  the  blades  in  the 
helical  spiral  shape.  These  induced  veloc¬ 
ities  contain  all  the  information  of  propel¬ 
ler  geometry  and  its  wakes  necessary  for 
the  2-D  s/c  cascade  data  correction.  Now 
the  effective  flow  incidence  angle  ae  to  be 
used  for  the  2-D  analysis  can  be  readily 
constructed  with  the  induced  velocities  as 
has  already  been  shown  in  Figure  1. 

With  the  propeller  geometry,  rotational 
speed  u>  and  the  flow  incoming  velocity  Va 
specified,  the  two-dimensional  s/c  cascade 
problem  can  be  solved  by  assuming  that  the 
flow  induced  angle  oi  is  known  at  each 
radial  position  r,  or  equivalently  x  =  r/R, 


? 

a  (x)  =  i  (x)  -  a.  (x) 
e  g  i 

(4) 

5.  (x)  =  S  (x)  +  a .  (x) 

1  C  1 

(5) 

t  - 

!£. 

p,  “  D 

-  f-i  -  1  *  c 

o  l.i.)  2 

hoVe (x) 

(6) 

i 

The  previously  mentioned  five  equations 
written  in  the  following  symbolic  form 

are 

fl  5  Re{“^i)l  "  «e  =  0 

(7) 

f2  S  *a  {u(n,f  +  £n  U2  =  0 

(8) 

f3  2  g3  "  a2  =  0 

(9) 

f .  =  s(-l)  -  S  =  0 

4 

(10) 

f^  5  g_  -  d  {sin  (ae+v)  -  u2sin  (a2+y)f  =  C  (11) 

where  no  unknown  input  data  exist  since  a. 
has  already  been  assumed  to  be  known.  Thi 
explicit  expressions  for  R  {« (r^)|  , 


fm !- (il ) } ,  s3/  g5  and  s(-l)  are  given  in 
Appendix  A  (also  see  [29]  for  more  details). 
Applying  Newton's  iteration  method,  one  can 
determine  the  solution  parameters  including 
the  flow  angle  at  downstream  infinity,  &2- 
The  strength  of  circulation  at  this  radial 
location  will  then  be  obtained  by  consider¬ 
ing  the  momentum  balance  around  a  blade  in 
cascade  configuration; 


(x)  =  dV 


sin -  «2) 
e  cos (d2  -  y) 


where  all  quantities  here  are  a  function  of 
r  or  normalized  radial  location  x  =  r/R. 

This  strength  of  circulation  is  now  incor¬ 
porated  in  the  propeller  lifting  line  theory. 

ov  normalizing  r  (x)  and  expressing  it 
by  G(x),  we  can  determine  the  induced  veloc¬ 
ities  m  the  axial  and  tangential  directions 


a!x)  _  1  f 
V  2  J 


dG(x') 

dx* 


Kt(x) 


cG(x')  1 

nv'  v-v* 


LtCii»dx' 


where 


G(x>  =:  (XJ/2-RV. 


tan  £.  =  (1-K  (x)/Va)/(tx/J-Wt  (xW)  (]£) 

and  ia  and  i-  are  the  induction  factors  of 
Lerb  [29 j,  the  detailed  descriptions  of 
which  are  given  in  Appendix  B.  In  the  pres¬ 
ent  analysis  the  location  of  the  vortex 
sheets  is  adjusted  through  using  3^  as  given 
in  Equation  (15).  Lerb  L 30]  proved  in  his 
paper  from  the  discussion  of  energy  balance 
that  the  location  of  the  vortex  sheet  should 
be  on  the  helical  spiral  surface  of  angle 
Si  instead  of  &a.  As  will  be  seen  later, 
the  present  solution  method  requires  an 
iterative  procedure.  Taking  advantage  of 
this  situation,  we  can  incorporate  newly- 
calculated  Wa/Va  and  Wt/Va  into  g^  in  (5), 
which  is  used  for  determining  the-1  induction 
factors  for  the  subsequent  iteration.  The 
aownwash  angle  ai  is  now  calculated  by  the 
following  relationship 

ai(x)  =  tan  1  |  ^-(Wa (x)cos5^ 

e  .  (17) 

+  (x) sin  Sjj. 

Equations  (4-17)  form  fully  nonlinear  inte¬ 
gral  equations  for  .r(x)  and  these  equations 
must  be  solved  for  determining  the  perfor¬ 
mance  characteristic  of  the  supercavitating 
propeller. 
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4 .  NUMERICAL  PROCEDURE 

Two  numerical  methods  for  solving  the 
above  nonlinear  integral  equations  were 
tested  for  their  convergence.  The  first 
method  was  what  is  called  a  substitutional 
iterative  method  and  the  second  one  was 
Newton's  iterative  method. 

4.1  Substitutional  Iterative  Method 

First,  asstping  the  effective  inci¬ 
dence  angles  ae'n>  (x),n  =  0,  at  various  span- 
wise  locations,  one  pan  then  determine  the 
downwash  angles  and  a  cavitation 

number  o (x)  from  equations  (4)  and  (6). 

With  these  data  used  the  two-dimensional 
s/c  cascade  data  will  be  calculated,  in¬ 
cluding  bl2>  the  deflected  flow  angle  at 
downstream  infinity. 

Tne  sectional  circulation  distribution 
r (x)  is  then  obtained  by  Equation  (12)  with 
which  we  can  calculate  wa,  wt  and  Q.'n+l'(x) 
with  Equations  (13-16)  and  (4).  The  values 
of  a.  (x)  are  now  checked  if  they  were 
correctly  assumed.  If  not,  with  a  new 
aj/n+l*  (x)  and  oi(n+l)r  we  proceed  to  the 
nc-xt  iteration  until  a  convergent  solution 
is  obtained.  In  each  iteration,  £i*n  , 
starting  with  an  assumed  value 

(3i/°*  =  £>+&,-  ^),  must  be  calculated  and  a 
new  value  of  must  be  used  in  calcula¬ 

tions  of  wa  and  wt  as  mentioned  before.  It 
must  also  be  noted  that  the  cavitation  num¬ 
ber  o  based  on  V  is  used  for  the  first 
iteration  but  ?e  based  on  Ve  is  used  from 
the  second  iteration  on.  If  the  test  for 
the  convergence  of  solution  parameters,  for 
example,  is  passed,  we  proceed  to  cal¬ 
culate  the  propeller  characteristics  such 
as  thrust,  power  coefficients  and  efficiency. 
This  method  was  applied  to  a  representative 
case  and  it  was  found  that  converged  solu¬ 
tions  were  obtained  only  if  the  starting 
values  of  ae*°^  were  correctly  assumed,  i.e., 
close  to  the  actual  solutions. 

4.2  Newton's  Iterative  Method 

In  the  second  method  we  incorporate 
Newton's  method  into  the  nonlinear  integral 
equations  for  improving  the  convergence  of 
iteration.  This  requires  a  new  arrangement 
of  the  problem  in  order  to  identify  the 
solution  parameters. 

From  Equations  (16),  (B-16)  and  (E-17) , 


f  s  jtan  (3^  (.<)  -  ae(x;)]^ 

-  — ^ —  7  t  G  h  a(c(x)>) 

A  “  *h  ra  m  V  f 


h  m=l 

and  from  Equations  (IS)  and  (B-ll) 


g  =  £  Gmsin  m  9  (*)  - 


(x,a(x) , o  ) 


=  0.  (19) 


Choosing  k-discrete  control  points  in  the 
radial  direction  of  the  blade,  we  have  k- 
independent  equations  in  (18).  Also  the 
same  number  of  Gk's  are  chosen  for  the  solu¬ 
tion  parameters  in  addition  to  k  unknown 
aek  =  Qe f*) •  We  now  have  2k-solution  param¬ 
eters  for  a  system  of  nonlinear  integral 
equations  (18)  and  (19)  having  an  order  of 
2k. 

Rewriting  these  equations  and  parameters 
symbolically  by 

l  =  <£'  2> 

£  =  {Gk'  aekh 

we  can  describe  the  above  set  of  equations 
as  follows: 


thus  Newton  s  iterative  loop  is  established 
by 

Jix(n,)-(x(n+1)  -  x(n))  =  -?(x(n)) 

where  J  is  a  Jacobian  matrix  whose  component 
is  given  by 

i  =  »  i\/S  x.  - 

In  the  present  case  each  component  of  ^  is 
either  analytically  or  numerically  calcu¬ 
lated; 

3F.  fsf. 

§"x7  3GT  =  tan^fx^-^.) 

{-jhja(Mxi));/(i-xk) 
j  -  jhjt(p(xi))/(l-xh);  i.j  =  1-k, 


foT  =  ‘  A«xi)5ik/cos2(5  (x.Haek)j 


i  =  1~  k,  j  =  k+i~  2k,  £  =  j  -  k 

r 

3Fi  3gi  .  i  \ 

a— =  3-g7  =  sinpo!3tt); 


'  m  _  ml  3  _ ,  _  , 

3  ft  -  “  2"R  V  *3  a  .  1  (V  Stt1  e,; 

_  ex  a  e£ 

j  =  k  +  1  ~  2k ,  m  =  i  -  k , 

1  =  j  -  k 
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where  all  partial  derivatives  are  analyti¬ 
cally  calculated  except  for  r  for  which  a 
finite  difference  method  is  used.  Our  ex¬ 
perience  in  using  the  present  Newton's 
method  indicated  rather  slow  but  steady 
convergence  for  almost  all  cases.  It  has 
also  been  found  that  the  method  is  much  less 
sensitive  to  the  initial  starting  values  for 
solution  parameters. 

5.  CALCULATIONS  OF  THRUST,  TORQUE  COEF¬ 
FICIENTS  AND  EFFICIENCY 

In  the  cascade  flow  the  force  acting  on 
the  blades  is  known  to  be  normal  to  a  geomet¬ 
ric  mean  angle  a 


G(x' )  sin  {6.  +  a  -  a  )dx* 
i  e 


where 


More  conventional  definitions  for  thrust  and 
torque  coefficients  are  given  by  and 

Kt  =  T/pnV  (26) 

Kq  =  QAn2D3  (27) 

The  relationships  between  these  parameters 

and  C-,  C„  are  readilv  obtained 
i  P 


a  =  cos 


*  (V-  cose  +U_cosj-)!-  (20! 

(2u  ^  e  e  2  2  ) 


KT  8  CT 


=  |{ve2  +  t'/  +  2V - U2  cos  (as-a2)p  <21 ) 


K  =  —  C 

Q  16 


v  i 


and  V_  is  taken  to  be  unity  in  the  2-D  cal¬ 
culations. 

Thus,  a  sectional  thrust  is  obtained 
dT  =  g  nu  P  cos(£;  +a-i  )  dr 

3T  I  C  1 

and  integration  of  dT  over  the  span  yields 
H 

T  =  g  o  /  U  T  cos  ( £ .  +  i  -  a  )  dr ' 

J  *  i  e 


x 

=  g  2”R2  D  J"  UJx'lGix')  cosiij 


+  a  -  a  )dx\  (22) 

0 

The  thrust  coefficient  CT  is  obtained  by 
normalization 

G  =  - ^ — j=  4g  f  -^'x')G(x'icos(Si 

*joV sr  J  va 

a  xh 

+  a  -  a  )  ax' .  (23) 

0  m 

Similarly  the  power  coefficient  C„  is  cal¬ 
culated 

dP  =  ru  dQ  dr 


qoU  T  sin (3  -  +  a  -  d  )  dr 

3  ee  1  g  go 


P  =  g  2nuR3  o  J  x '  (x* )  G  (x* }  sin  (£- 


+  a  -a  }  dx* 
e  * 


p  hpv  3sr2 

o 


_  4q  f.  UO0(x’} 

-  -J  *  -v— * 


i  ) 

kq  2 

6 .  NUMERICAL  RESULTS 

Two  theoretical  methods  for  overcoming 
the  difficult  situation  which  arose  from  the 
choking  condition  have  presently  been  pro¬ 
posed;  the  use  of  a  row  of  source  distribu¬ 
tions  for  the  first  approach  and  that  of 
choking  conditions  data  for  the  second 
approach.  Numerical  computations  were  made 
for  each  method  and  the  results  will  be  pre¬ 
sented  ir.  comparison  with  experimental  data. 
For  the  former  method  supercavitating  pro¬ 
peller  of  TMB  Model  3770  was  chosen  and  for 
the  latter  method  that  of  Hydronautics 
7607.02  was  used. 

6.1  Method  No.  I  (Use  of  Source  Singular¬ 
ities) 

The  s/c  propeller  Model  3770  was  de¬ 
signed  based  on  the  method  of  Tachmindji  and 
Morgan  [4,  5]  and  its  design  characteristics 
are  shown  in  Tables  2  and  3.  The  propeller 
blade  profile  is  that  of  a  Tulin-Burkart  two- 
term  camber  with  an  additional  camber  factor 
to  account  for  a  lifting  surface  effect  [31]. 
In  order  to  establish  the  data  basis  for  pro¬ 
peller  calculation  the  lift  and  drag  forces 
were  calculated  for  various  radial  blade 
locations,  i.e.,  at  x  =  0.4  to  0.9  by  0;1 
increment  and  are  shown  in  Figures  3  and  4 . 

In  these  figures  we  see  that  a  signifi¬ 
cant  cascade  effect  occurs  in  cavity  flows. 

In  Figure  3(a),  for  example,  where  the 
solidity  is  small,  0.244,  near  the  tip  (at 
x  =  0.9)  with  a  stagger  angle  of  74  degrees, 
it  is  seen  that  the  lift  coefficient  Cl  in¬ 
creases  as  the  incidence  angle  increases. 

This  phenomenon  is  quite  similar  to  that 
observed  in  single  lifting  foil  coses.  It 
means  that  the  solidity  of  0.244  at  this 
location  with  y  =  74°  is  yet  too  small  to 
see  much  of  a  cascade  effect  and  thus  the 
flow  is  similar  to  that  of  a  single  foil 
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a::cept  that  the  choking  phenomenon  appears. 
However,  at  x  =  0.8  where  the  solidity  be¬ 
comes  slightly  larger,  i  e.,  0.365,  with  a 
stagger  angle  of  72.4  degrees,  the  lift  co¬ 
efficient  Cl  at  -:2  =  6°  decreases  rapidly  as 
3  becomes  small  (see  Figure  3(b)),  until 
finally  its  value  becomes  even  smaller  than 
that  obtained  at  oe  =  4°,  3°  and  2°.  The 
reason  why  this  occurs  at  smaller  o's  is 
obvious:  the  smaller  the  cavitation  number, 

the  longer  and  thicker  is  the  cavity  so  that 
the  cavity  boundary  with  a  low  cavity  pres¬ 
sure  is  close  to  the  pressure  side  of  the 
neighboring  blade,  causing  a  loss  in  lift. 

It  is  also  seen  that  the  cavitation  number 
"e  at  which  this  change  in  Cl  occurs  in 
Figures  3(a)-{f)  checks  quite  well  with  the 
value  of  at  which  the  length  of  cavity 
scares  extending  to  infinity  (choking  con¬ 
ditions).  One  can  alsc  observe  a  similar 
behavior  in  Cl  for  ae  =  4°,  occurring  here 
at  a  smaller  'e  than  for  the  ae  =  6°  case. 
This  trend  becomes  even  stronger  (see  Figures 
3(c)  through  3(f)  since  the  solidity  becomes 
larger,  increasing  from  0.479  to  0.912.  In 
Figure  3(f)  where  x  =  0.4  and  the  largest 
solidity  occurs,  the  relation  between  the 
lift  and  incidence  angle  completely  flips 
over  for  a  range  of  tG's,  i.e.,  the  lift  is 
higher  at  lower  incidence  angles. 

This  peculiar  behavior  for  cavitating 
cascade  flow  observed  above  never  happens  in 
the  cases  of  single  lifting  foils.  Phys¬ 
ically  it  can  be  understood  and  explained  as 
follows.  When  the  solidity  becomes  large 
and  thus  the  blades  are  more  closely  packed 
in  the  cascade  configuration,  the  adjacent 
blades  are  strongly  affected  by  the  exis¬ 
tence  of  cavity  thus  causing  significant 
hydrodynamic  effects.  This  effect  becomes 
stronger  as  the  cavity  becomes  thicker  and 
longer  or  as  the  flow  incidence  angles  be¬ 
come  larger  and  the  cavitation  number  be¬ 
comes  smaller  as  has  been  seen  above. 

It  is  interesting  to  compare  the  lift 
coefficients  obtained  in  the  present  non¬ 
linear  cascade  theory  and  those  of  super- 
cavitating  single  foils.  The  latter  values 
at  ~e  =  0  are  easily  computed  from  the 
design  lift  coefficients,  correction  fac¬ 
tors  listed  in  Table  2  and  angles  of  attack: 

CLS0  =  Ct  'K  +  'a/2  (31) 

"'d 

where  the  subscripts  S  and  0  in  (31}  desig¬ 
nate  "single  foil"  and  "zero  cavitation 
number",  respectively.  Cb, sc  calculated 
based  on  Equation  (31)  are  plotted  in  each 
Figure  3(a)  through  3(f).  It  is  seen  that 
a  well  known  approximation  for  finite 
cavity  length  by  a  correction  factor  (1  + o) , 
commonly  used  for  a  single  foil  flow,  can¬ 
not  be  applied  to  the  s/c  flow  in  the  cas¬ 
cade  coniiguration  whatsoever.  It  is  also 
noted  that  Clso*s  are  wuch  larger  than 
those  values  extrapolated  from  the  linear 
portions  of  curves,  again  showing  a 
remarkable  supercavitating  cascade  effect 
on  lifting  forces. 

It  is  also  seen  that  the  choking  con¬ 


ditions  marked  in  Figures  3(a)  through  3<f) 
vary  to  a  great  degree  depending  on  the 
solidity.  With  small  solidity  and  a  small 
incidence  angle,  the  choking  flow  does  not 
occur  until  ce  becomes  fairly  small,  say 
0.007  (see  Figure  3(a)),  while  a  oe  of  0.041 
is  enough  to  cause  the  same  condition  for  a 
large  solidity  and  a  large  angle  of  attack 
(see  Figure  3(f)).  This  behavior  is  also 
attributable  to  the  increasing  cascade 
blockage  effects  with  increase  in  solidity 
and  incidence  angle. 

Figures  4(a)  through  (f)  show  drag  co¬ 
efficients  parallel  to  the  upstream  flow 
direction,  each  corresponding  to  Figure  3(a) 
through  (f 5 ,  respectively.  It  is  seen  that 
these  drag  forces  also  exhibit  a  trend 
similar  to  that  of  the  lift  coefficient. 

It  must  be  pointed  out  that  the  numeri¬ 
cal  computations  presently  carried  out  with 
the  two-dimensional  supercavitating  cascade 
programs  are  a  most  time-consuming  and  dif¬ 
ficult  part  during  the  present  analysis.  In 
particular,  such  flow  configurations  that 
have  large  solidity  with  large  stagger  angles 
and  large  incidence  angles  often  cause 
numerical  instabilities  in  the  functional 
iterative  procedure.  Careful  choice  of 
initial  guess  for  the  iterative  method  is 
necessary. 

Using  these  two-dimensional  cascade 
data  for  the  s/c  propeller  analysis  with  the 
first  method  of  using  a  row  of  source  singu¬ 
larities,  Kt,  Kg  and  -  was  calculated  at  the 
design  point.  This  is  shown  in  Table  4  in 
comparison  with  the  design  data  and  experi¬ 
mental  data.  It  is  seen  that  the  present 
method  predicts  them  better  than  the  design 
method  itself.  It  is  quite  interesting  to 
see  the  differences  in  local  flow  character¬ 
istics  between  the  design  method  [22]  ana 
the  present  off-design  method. 

Four  different  parameters  including 
local  cavitation  number,  effective  flow  in¬ 
cidence  angle,  dewnwash  angle  and  lift  co¬ 
efficients  are  shown  in  Table  4.  The  local 
cavitation  numbers  of  the  present  method 
shown  in  the  table  are  those  corrected  on 
the  basis  of  the  cavity  thickness  data  from 
the  2-D  cascade  calculations,  whereas  those 
of  the  design  mgthod  are  simply  based  on 
v  =  ((-.<r)2  *  va£)’s-  T-ne  discrepancies  shown 
in  Table  4  are  quite  substantial  and  par¬ 
ticularly  those  for  the  downwash  angle  aj 
and  thus  effective  flow  angle  ae.  It  is 
considered  that  these  discrepancies  are 
attributable  to  the  differences  in  the  force 
coefficients  used  by  the  two  different 
methods. 

In  Figure  5  we  compare  the  present  re¬ 
sults  with  experimental  data  for  ov  =  .500, 
i.e.,  at  an  off-design  condition  over  some 
range  of  3.  It  is  seen  that  the  correlation 
for  K-i,  Kq  and  n  at  J  ranging  from  0.44  to 
.5  is  gooc  but  that  the  discrepancy  starts 
growing  as  J  goes  beyond  this  range.  Par¬ 
ticularly  for  the  smaller  J  range  the  data 
obtained  with  the  prediction  method  depart 
rapidly  fromthe  experimental  data.  This 
indicates  that  the  method  has  some  limita¬ 
tion  for  predicting  the  ofif-design  character¬ 
istics;  the  prediction  accuracy  deteriorates 


at  highly  choking  conditions.  It  seems  that 
the  discrepancy  for  larger  J's  stems  from 
the  use  of  inappropriate  2-D  cascade  data. 

In  this  range,  the  experimental  evidence 
indicated  that  the  partially  cavitating 
condition  occurred. 

6.2  Method  No.  2  (Use  of  Choking  Condition 

Data) 

One  of  the  latest  s/c  propellers  de¬ 
signed  and  tested  was  that  of  Hydronautics ' 
Model  7607.02  [13].  In  order  to  test  the 
second  method  for  the  s/c  propeller  per¬ 
formance  prediction  we  used  this  propeller. 
Similar  lift  and  drag  charts  to  those  in 
Figures  3  and  4  were  generated  with  the  2-D 
s/c  cascade  theory.  Only  the  lift  data  are 
shown  here  in  Figure  6,  showing  a  similar 
trend  in  Cy  vs.  :  to  that  seen  before. 

With  these  2-d  cascade  data  used,  the  s/c 
propeller  characteristics  were  obtained 
with  the  second  method  proposed  previously. 
Figure  7  shows  Kq  and  '  for  a  wide 
range  of  J,  at  design  cavitation  number, 

-  .343  whereas  Figure  8  shows  the  same 
quantities  at  off-design  cavitation  number, 
i.e.,  -ya=  3.0  which  was  assumed  to  be  that 
for  the  ship  taking-off  condition.  It  is 
clearly  seen  that  the  presently  predicted 
data  compare  well  with  experimental  data 
over  a  much  wider  range  of  J  except  for  the 
partially  cavitating  range  of  J.  It  is 
indicative  that  the  second  method  is  supe¬ 
rior  to  the  first  one,  particularly  for  the 
highly  choked  s/c  propellers,  as  was  ex¬ 
pected  from  the  results  of  Luu  and  bulmont 
[13] . 

The  computing  time  required  for  deter¬ 
mining  the  supercavitating  propeller  char¬ 
acteristics  was  the  range  of  only  one  hun¬ 
dred  dollars,  but  the  preliminary  two- 
dimensional  s/c  cascade  calculations  cost 
us  a  few  thousand  to  several  thousand  dol¬ 
lars  even  with  use  of  the  CDC-7600  at  the 
Lawrence  Berkeley  Laboratory  Computer  Cen¬ 
ter.  Kith  this  single  fact  only, the  pos¬ 
sibility  of  using  the  lifting  surface 
theory  for  the  performance  prediction 
method  will  be  eliminated. 

7.  CONCLUSION 

Two  slightly  different  methods  have 
been  proposed  for  the  performance  predic¬ 
tion  of  supercavitating  propellers  at  off- 
design  conditions.  The  basic  concept  of 
these  two  methods  is,  however,  essentially 
the  same,  i.e.,  a  combination  of  two- 
dimensional  supercavitating  cascade  theory 
and  propeller  lifting  line  theory.  The 
only  difference  between  these  methods 
exists  in  a  methodology  of  avoiding  to 
encounter  the  two-dimensional  choking  con¬ 
dition  beyond  which  no  2-D  data  are  avail¬ 
able  for  use  in  propeller  calculations. 

For  the  first  method  the  flow  retardation 
effect  was  represented  by  distributing  a 
row  of  line  sources,  the  strength  of  which 
was  determined  proportionally  to  the  thick¬ 
ness  of  cavity.  Any  induced  velocity  due 
to  this  was  incorporated  into  the  effective 


flow  velocity.  By  applying  this  retarded 
flow  effect,  the  cavitation  number  to  be 
used  becomes  larger  than  that  without  any 
correctio..,  thus  alleviating  the  chance  of 
encountering  choking  condition,  in  the 
second  method,  as  soon  as  the  choking  con¬ 
dition  was  reached  by  changing  ae  and  oe,  the 
force  date  at  such  condition  was  used  as 
only  a  function  of  ue  but  neglecting  oe. 

The  representative  computations  showed 
a  better  prediction  capability  with  the 
latter  method  than  the  first  one  over  a  wide 
range  of  J  and  cVa .  Discrepancies,  however, 
still  exist  for  both  extremely  small  J’s  and 
large  J's.  In  order  to  further  improve  the 
present  theory,  the  following  aspects  are 
recommended  tc  be  investigated. 

1)  A  question  existed  in  the  second 
method  as  to  the  validity  of  using  the  cas¬ 
cade  data  even  for  the  short  and  thin  cavity 
flow  regime.  More  specifically,  where  is 
the  ooundary  of  using  single-foil  data  and 
cascade  data?  in  order  to  clarify  this 
point  a  more  r .  -orous  theoretical  approach 
such  as  the  singular  perturbation  method  aay 
be  necessary.  For  the  subcavitatinc  propel¬ 
ler  flow-  this  type  of  method  already  exists, 
e.g.»  that  of  Brockett  [32].  when  such  a 
method  is  applied  to  the  s/c  propeller  flows, 
the  correction,  due  to  the  cavity  flow 
effect,  for  the  local  sectional  flow,  similar 
to  the  cascade  effect  will  naturally  evolve. 

2)  A  more  immediate  improvement  may  be 
made  by  choosing  the  geometric  mean  flow 
angle  as  a  reference  flow  angle  for  the  cas¬ 
cade  data  selection.  Instead,  during  the 
present  study  we  considered  the  effective 
flow  velocity  Ve  as  an  incoming  flow  angle 
for  the  2-D  cascade  flow  configuration.  A 
difference  in  the  calculations  of  final  pro¬ 
peller  characteristics  may  be  small  for 
small  J's  where  the  incidence-angles  are 
already  of  large  number  but  will  be  sub¬ 
stantial  for  larger  J's.  This  may  improve 
the  prediction  accuracy  of  the  present 
method  for  larger  J's  at  which  an  apprecia¬ 
ble  discrepancy  presently  exists. 

3)  In  addition  to  the  ahee  correc¬ 
tion  for  larger  J  range,  the  data  of  par¬ 
tially  cavitating  cascade  flow  are  neces¬ 
sary.  There  exists  no  such  theory  to  date 
which  can  generate  accurate  data  and  thus 
the  development  of  a  nonlinear  partially 
cavitating  cascade  theory  is  in  order. 
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TABLE  1 

LATEST  COMPARISON  BATA  BETWEEN  THE  THEORY  AND  EXPERIMENT  (after  [25]} 


Power  {Max.,  Coat.) 

1  -  t 

1  ”  "  t 

Shaft  Centerline  at  Design  Speed 
Max.  Diaaeter 
Ktaber  of  Blades 


PROPELLER  MODEL 
NUMBER 


160C0  HP  for  2  Propellers 

.925 

-870 

6.SZ  ft. 

5.0  ft. 

4 


DESIGNER 


ROHN  &  ALTMAN  [13] 
(Hydronautics) 


Design 


1.01 

.0900 

.62 


-96 

.0795 

.52 


3aker  [18 1 
(DWTHSRDC) 


Design  [ 

Model  Data 

.34 

3.04 

1.13 

.0943 

.101 

.64 

.77 

Blade  NasSer  Cg) 

3 

Pitch/Diaaeter 

-736 

EAR 

.508 

Chord/Diaseter  at  x  =  0. 7 

.351 

Design  at  x  =  0. 7 

2s 

Design  C.  at  x=0-7 

.147 

Section 

7M3  Modif- 

J 

.440 

°va  *=0-7 

.617 

TABLE  3 

COMPARISON  OP  K<j.,  Kq  AND  n  BETWEEN  THE  PRESENT  RE8ULT, 
DESIGN  DATA  AND  EXPERIMENTAL  DATA  FOR  3770 
SUPERCAVITATING  PROPELLER  AT  DESIGN  POINT, 

Oy  -  .617  AND  J  •  .440 


r 

Design  Data 
{Ref .  [22]) 

Experimental  Data 
(Ref.  [22]) 

•Present 

Results. 

kt 

.1004 

.085 

.0819 

kq 

.0130 

.0115 

.0106 

n  (%) 

54.1 

52.0 

54.0 

TABLE  4 


COMPARISON  OF  THE  DETAILED  FLOW  CHARACTERISTICS  OF  3770 
BETWEEN  THE  DESIGN  METHOD  [22]  AND  PRESENT  METHOD 
AT  DESIGN  POINT,  Oy  »  .617  AND  J  -  .440 


Nondimensional 

Radius 

X 

Local  Cavitation 
Number  a 

Effective  Incidence 
Angle 

Downwash 

Angle  eu 

Lift  Coefficient 
CL 

Design 
Method 
Ref.  [22] 

Present 

Method 

Design 
Method 
Ref.  [22] 

Present 

Method 

Design 
Method 
Ref.  [22] 

Present 

Method 

Design 
Method 
Ref.  [22] 

Present 

Method 

0.4 

.0656 

.0798 

2.06° 

6.80® 

9.87° 

5.13® 

.198 

.281 

0.6 

.0302 

.0398 

1.99° 

5.97® 

7.23® 

3.23® 

.153 

.168 

0.7 

.0223 

.0290 

1.91° 

5.15® 

6.45® 

3.19® 

.139 

.141 

0.8 

.0170 

.0227 

1.91* 

5.00® 

5.75® 

2.65® 

.131 

.118 

0.9 

.0134 

.0173 

1.91® 

4.60® 

5.21® 

2.51® 

.125 

.094 
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Figure  1  Flow  Conf rgurav.ion  in  Cascade  Geometry 

of  Propeller  ac  a  Constant  Radius  r  with 
Velocicy  Diagram 
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Figure  2  Representation  ot  Cavity  Thickness  by 
Distribution  of  Source  Singularities 
in  a  Cascade  Row 


CHOKING 


Figure  4  (Cont'd) 


APPENDIX  A 

TWO-DIMENS IONAL  NONLINEAR  SUPERCAVITATING 
CASCADE  THEORY  (Ref.  L29J) 

The  detailed  mathematical  formulation 
is  described  in  [29].  However,  some  impor¬ 
tant  features  which  will  provide  a  better 
understanding  of  the  present  propeller 
theory  are  presented  herein.  In  particular, 
Re{u»(Cx)|,  Im  jo  (41)}  gj,  s{-l)  and  g5  in 
Equations  (7)  to  (11)  m  the  text  are  given 
as  follows. 


- (Cx)  =  Re  jy(r1){  +  Inf-^)} 


(u  +  1,(n-b>  HI 


r  -1  -i2  ,.n  (>'l  +  3/U2)  d. , 

•4  •  (■;•’+ 1)  (*:■  -b)  *: r-  ^ 

+  _1_  fh  23  ( C ' ) _ d;‘ 

2"i  /-I  i  /(I  +  O')  (b-  V~)V  -  ;x 
,  _L_  fh _ 2 2 _ di  1 

2-i  J0  /(i  +  ■' )  (b  -  ■:•) 


r  (  in  (/T+oT/U, 

h(c,a,b,c,u2  (a2))  =  jexpj - i - 

L  .  ..._-l  (1+  CHa -b)  +(£ -b)(l  +a) 
+  Sln - (C-aHl  +  bj 

.  -1  (It  U(c-  b)  +  (£-b)(l  +  c)\ 

ln  (c-C)(l+b)  / 

,  .'(1  +  f)(b-I)  /b  S(C‘) _ 

/(l'+T'Xb- T5! 

^j] 

2/b  /(I  +  £)(c  ~  -;)  t-  -  (b  -  1)  i  2b  _1_ 
X  [-  U1  +  b)}  '  U2 


k<-;.  A)  =  “ 


( ?  -  A  sin  o )  +  (A  cos  6 ) 4 


*  *»  1 1 
e 


1  fC  X'2  ~n  </iir~/U2  )  *  4-if  ...  ;l~c  ,  _i<5  {  ;1  ~cl 

2‘i  J  /{'>'•  +  1)  ('•  -b)  *  --  J  Cx-a  ‘  cl‘a) 


where 


;x  =  A  exp  {i  (~/2  -  *' )  |  , 


g^  =  —  »n  (»'  1  +  ’/U2 )  ■ 


j;n  - 

j  2  .  (a  +  l)  (a  -  b)  +  (a  +  1)  +  (a  -  b) 

+  *  n  (b  1 ) _ ) 

2  »^(c  +  1)  (c  -  b)  +  (c  +  1)  +  (c  -  b)  j 

^  1  fh  5(g’)d;' 

”  /a  +  V)  (b-  V)  ,  (A-2) 

(-D  =  -f  1  h  (£  ’  ,a,b,c,U2  (cij) ) 

•  k (S 1 ,A)dC '  (A- 3 


In  these  equations  a,b,c  are  ^-coordinates 
in  the  mapped  plane  (see  Figure  A-2) ,  A  is  a 
parameter  associated  with  the  cascade  mapping 
function  and  U  is  the  velocity  at  downstream 
infinity  where  the  continuity  equation  pro¬ 
vides 

cos  (c«e  +  y) 

U2-  cos  (a2  +  y)  - 

All  these  parameters  are  unknown  solution 
parameters  to  be  determined  by  solving 
Equations  (7)  tc  (11)  in  the  text.  The 
potential  plane  W,  transform  plane  £  and 
physical  plane  z  are  shown  in  Figures  A1  to 
A3. 
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APPENDIX  B 

CALCULATIONS  OF  INDUCED  VELOCITIES  Wa  and  Kt 


BY  A  LIFTING  LINE  THEORY 


The  following  calculation  method  of  the 
induced  velocities  Wa  and  Kt  is  based  on  the 
work  of  Lerbs  [30]. 


«a  1  f1 
VA  2  J 


(X* )  1  ^  (a  )  dx' 

dx’  x-x'  xa  ‘  i'  QX 


Wt  _  1  fl  dG(x')  1  .....  .. 

v~  -  2  J  s* _  1tisi)  ax  53  2> 


Figure  A1  Potential  Plane  W  =  £  +  iV 


G  (x)  = 


i_ (r  • ) 


Figure  A2  Transform  Plane 


‘"tt/mm/mw/M 


£  (negative) 


Figure  A3  Definition  of  the  Arc  Length 
and  the  Body  Inclination  for 
the  Wetted  Portion  of  the  Foil 
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x'  tan  8^ 

where  Nicholson's  asymptotic  formulae  have 
been  applied  in  obtaining  Bj  and  Bj  to  the 
original  integrals  of  vortex  sheets. 

By  introducing  £  for  a  change  of 
variables 

x  =  4  (1  +  x.  )  -  4  (l-xjcoss,  (B-10) 


we  can  write  G(s)  and  ia  and  i^  in  Fourier 
sme  and  cosine  series,  respectively 


G(*')  =  J]  G  sin  as 

12 

n=l 


12-113 


i{v,t‘)  Into)  cosn;'.  CB-12) 

n=i 

The  coefficients  Gj.  and  lR(;j  in  (B-11J  and 
C3-12)  are  readily  obtained  as  follows 

Gm  =  =■  f  Git')  sinm'  d:*  CB-13) 


■=>  - 


'  •  cos  n;  *  de  *  13-14 


* )  cos  n:  *  di  *  13-1 S) 


where  x  and  x 1  have  oeon  replaced  bv  ;  and 

How  Wa  and  hV  are  written  in  the  fol¬ 
lowing  foriss 

Wa(i)  ,  ^ 

“ ■  =  f-V  aG2h;a5:l  (3-15) 


W_  ( 1 ) 

=  ^li  aG*h=tli> 


13-17) 


h  a,t(:)  =  -r— 
*■*  sm 


—  jsin  a:  JT  (f)  cos  n; 

'  L  tr=0  - 


+  cost:  Y,  1  aa,t{c)  s 


in  nil  . 


(3-18) 


It  aust  be  noted  that. 


at  i  =  0  and  : 


h/'^JO)  -  Ja  f  I  a't(0)+  £  aiS] 

n“0  n  n=a+l  n  J 

(3-19) 

haa,t<’)  =  -  cos  a,  a  £  cos  nr 

n=0  n 


h  a,t(r>  =  --  cos  as  Is 


+  v  _  T  a,t,  , 

2-  Oi  (5)  cos  ns  (B-20) 


n=e+l 

where  ^'Hospital  rule  r 


nas  oeen  used. 
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Discussion 


B.  YeniOiHSiS 


The  prediction  of  propeller  performance 
is  hard  to  do,  even  for  a  subcavitating  pro¬ 
peller.  The  performance  results  obtained 
by  Dr.  Furuya  for  supercavitating  propellers 
are  very  impressive.  Several  comments  are 
as  follows: 

1)  Numerical  results  for  nonlinear 
supercavitating  cascades  seen  a  little 
strange  near  the  choking  cavitaion  n usher . 

He  all  understand  that  the  cavity  length 
changes  rapidly  near  the  choking  cavitation 
number;  however ,  I  do  not  knew  that  Lne 
lift  or  drag  coefficient  changes  as  rapidly 
as  is  shown  in  Figures  3  and  4.  If  the 
change  is  this  rapid  it  would  be  due  to  the 
nonlinear  effect.  It  say  be  interesting  to 
compare  with  the  following  Figure  (Reference 
1)  which  was  obtained  by  using  linear  the¬ 
ory.  It  seems  that  it  needs  to  be  verinec 
by  experiments  or  otherwise,  since  frees 
existing  experiments  for  supe -cavitating 
propellers  it  is  very  hard  to  guess  the 
similar  phenomenon. 

2)  The  method  of  calculating  the  flow 
retardation  effect  by  a  two-dinensicral 
source  seems  to  require  core  explanation. 

In  two-dimensional  supercavitating  cascade 
theory,  the  speed  at  upstream  infinity  is 
a  given  quantity,  and  the  original  solu¬ 
tion  should  already  include  this  blockage 
effect  in  the  relation  between  inlet  and 
exit  flows.  In  fact,  the  flow  retardation 
effect  in  supercavitating  propellers  is 
the  three-dimensional  effect,  acting  quite 
differently  frees  the  cascade  effect  or  tne 
influence  of  neighboring *cavities.  Use 
nxisi  velocity  component  of  oncoming  flow- 
near  the  blade  decreases  due  to  the  for¬ 
cer  effect  and  increases  due  to  the  latter 
(Reference  17)  partially  cancelling  each 
other.  Because  of  this,  early  considera¬ 
tion  of  an  isolated  supercavitating  foil 
instead  of  cascades  sometimes  worked  very- 
well.  If  we  consider  the  radial  component 
of  oncoming  velocity,  it  is  not  certain 
whether  the  total  oncoming  speed  changes 
enough  to  affect  the  cavitating  phenomena 
of  the  near  field  cascade.  However,  ac¬ 
cording  to  Reference  17  in  the  design  pro¬ 
blem,  the  flow  field  of  three-dimensional 
lifting  surface  and  cavity  sources  de¬ 
creased  the  pitch  distriiution,  which  was 
calculated  by  lifting-line  and  linear- 
cascade  theories.  This  would  mean  that  in 
the  prediction  theory,  the  effect  of  th-ee- 
dinensional  lifting  surface  and  cavity 
sources  would  increase  the  calculated  angle 
of  attack.  Therefore,  the  flow  retardation 
effect  would  make  the  cavity  thicker  and 
longer  in  the  analysis  for  a  given  super¬ 
cavitating  propeller,  quite  contrary  to  the 
indication  in  the  present  paper. 

3)  Since  it  was  mentioned  about  the 


research  in  supercavitating  propellers  at 
the  David  K.  Taylor  Naval  Ship  RtD  Center, 
it  may  be  appropriate  here  to  touch  upon 
the  experimental  results.  Ke  designed  four- 
and  six-bladed  propellers  by  the  method 
given  ir.  Reference  17,  manufactured  the 
<=odels,  and  tested  them  in  the  DTNSRDC  36- 
inch  cavitation  tunnel  both  for  cavity 
height  and  performance.  The  experiment  on 
cavity  height  indicated  that  the  theory 
predicted  well  for  blade  sections  at  radii 
largei  than  half  of  the  propeller  radius 
for  both  propellers.  It  also  showed  that 
the  leading-edge  shape  of  the  model  needed 
to  be  manufactured  more  carefully.  The 
experiment  on  performance  showed  that  the 
efficiency  at  the  resign  point  was  predicted 
within  4  percent  for  the  four  bladed  and  3 
percent  for  the  six-bladed  propellers  and 
the  thrust  coefficient  was  over  predicted 
within  10  percent  for  the  four -bladed  and 
5  percent  for  the  six-bladed  propellers. 

The  incorporation  of  the  nonlinear  effect 
on  the  lift  and  drag  coefficient  of  the 
cavitating  foil  brought  the  prediction  at 
the  design  point  within  3  percent  of  the 
experimental  values. 
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A.R  GrsaoaSei 


Firstly,  is  it  important  to  know  very 
well  the  position  of  the  detachment  point 
at  the  leading  edge.  In  the  theory  pres¬ 
ented,  ho*.,  this  position  is  fired  for  the 
two-dimensional  t,rc*»ip«n.  What  it  happens 
when  the  inner  problem  is  matched  with  the 
outer. 

Secondly,  to  ay  knowledge  no  numerical 
calculation  has  been  developed  in  the  frame¬ 
work  of  the  Surface  lifting  theory,  using 
discrete  singularities  for  super  cavitating 
propellers.  I  would  like  to  know  if  that's 
true,  and  if  it's  yes,  what  are  the  main 
difficulties. 


Author’s  Reply 


O.  Furuya  Oe::3  Tecfsj 

The  author  thanks  Dr.Yic  for  his 
valuable  comments  and  would  like  to  re¬ 
spond  to  them  one  by  one. 

1)  Professor  Hutton  and  his  student 
of  University  of  Southampton  recently  used 
a  linearized  cascade  theory  for  calculat¬ 
ing  the  force  coefficients  of  flat  plate 
and  circular  foil  cascades  and  compared 
with  the  results  of  the  nonlinear  theory. 
It  was  found  that  although  the  absolute* 
values  were  different,  both  results  showed 
quite  a  similar  trend  for  dCL/da.  *t  is 


believed  that  the  rapid  change  of  Cj,  near 
the  chocking  condition  is  inherent  m 
supercavitating  cascade  flow. 

2}  The  purpose  of  having  used  the 
cascade  flow  for  the  supercavitating  pro¬ 
peller  analysis  is  that  it  will  account 
for  the  adjacent  blade  effect  and  thus  for 
the  blade  loading  function.  However,  it 
was  believed  that  the  effective  flow  ve¬ 
locity  should  be  corrected  due  to  the 
cavity  blockage  effect. 

3)  I  would  like  to  congratulate  Dr. 
Yin  for  his  effort  on  developing  a  design 
method  for  s/c  propellers  and  having  suc¬ 
cess  in  designing  better  propellers.  Ke 
all  look  forward  to  seeing  the  com par-  .ive 
results  of  theory  and  experiment  in  the 
near  future. 


To  A.R. Rowe 

The  blade  profile  shape  commonly  used 
for  this  type  of  propeller  is  of  so-called 
supercavitating  type  having  a  sharp  lead¬ 
ing  edge.  There  is  no  difficulty  in  de¬ 
termining  the  cavity  separation  point. 

The  lifting  surface  theory  which  has 
never  been  used  for  the  off-design  analy¬ 
sis  will  provide  an  inherent  difficulty 
in  any  cavity  flow  analysis. 

The  extent  of  cavitation  is  not  known 
a  priori  so  that  a.;  iteration  procedure 
should  be  employed  to  solve  the  problem. 
Furthermore,  unlike  the  design  method,  the 
off-design  theory  requires  the  boundary 
condition  on  the  blade  to  be  satisfied, 
which  already  offers  an  enough  compli¬ 
cation. 
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Cavitation  on  High  Speed  Propellers  in 
Oblique  Flow — Influence  of  Propeller  Design 
and  Interaction  with  Ship  Hull 


Oils  Rutgersscn 
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ABSTRACT 

The  working  conditions  of  propellers 
working  behind  high  speed  displacement  ships 
are  discussed. 

Results  from  cavitation  tests  of  six 
different  propellers  working  behind  a  twin- 
screw  ship  model  are  given.  The  results  are 
discussed  in  regard  to  influence  of  propel¬ 
ler  geometry  on  erosion,  thrust  breakdown, 
relative  rotative  efficiency  and  p.  ssure 
fluctuations. 

Finally  comparison  is  made  betv.ven 
tests  of  propeller-hull  interaction  with  a 
simple  plate  model  and  a  complete  ship 
model.  Some  results  of  the  propeller-propel¬ 
ler  interaction  for  a  triple  screw  ship  are 
also  given. 

NOMENCLATURE 

a  vertical  clearance  between  propeller 

and  hull  (m) 

Ad  developed  blade  area  (m2) 

Aq  7tD2/4  (m2) 

C  pressure  fluctuation,  single  ampli¬ 

tude  (Pa) 


D 

f 


”pT 


J 


Ap/e/2V2  =  pressure  coefficient 
propeller  diameter  (m) 

maximum  camber  of  propeller  blade 
section  (m) 

Vg//gL  =  Froude  number 

draught  of  propeller  centre  at  zero 
speed  (m) 

VA/nD  =  advance  ratio  of  propeller 
advance  ratio  at  behind  condition 


0 

Kp 

“pnc 

KQ 

KT 

KTB 

kto 

1 

L 

n 

^atm 

Po 

Pv 

6p 

P 

PP 

Q 

r 

R 

T 


advance  ratio  at  free  running  con¬ 
dition 

2C/pn2D2  =  amplitude  coefficient, 
pressure  fluctuations 

amplitude  coefficient  at  cavitation 
free  conditions 

Q/pn2Dr  =  propeller  torque  coeffi¬ 
cient 

T/ pn2DI*  =  propeller  thrust  coeffi¬ 
cient 

thrust  coefficient  at  behind  condi¬ 
tion 

thrust  coefficient  at  free  running 
condition 

profile  length  (m) 

ship  length  between  perpendiculars 
(m) 

number  of  revs  (r/s) 

atmosoheric  pressure  (Pa) 

cic  pressure  at  propeller  centre 
a) 

vapour  pressure  (Pa) 

pressure  difference  between  undis¬ 
turbed  flow  and  propeller  centre 
(Pa) 

pitch  (m) 
power  (Mw) 

propeller  torque  (Nm) 

radius  of  propeller  blade  section 
(m) 

D/2  (m) 

propeller  thrust  (N) 
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sinkage  of  ship  stern  (m) 

\?A  advance  speed  of  propeller  (m/s) 

Vg  ship  speed  (m/s) 

V„  7R  V./l  +  (0.7it/J)  7  =  inflow  velocity 
for  blade  section  at  0.7R 

w  wake  fraction 

x  r/R 

y  maximum  face  camber  of  propeller 

blade  section 

nD  nD/nn  =  relative  rotative  effici- 

R  ency0 

nB  propeller  efficiency  at  behind 

condition 

nQ  propeller  efficiency  at  free  run¬ 

ning  condition 

p  density  of  water  (kg/m3) 

°VA  (p0  "  ‘-v)'/0,5pVA2  =  cavltation 

number 

(Pf,  "  p„)/0.5pV.  _  =  cavitation 

0  number  vr  °*7R 

pT 

°T  °VA  ~  w)"*  =  cavitatlon  number 

in  tunnel 

Tc  propeller  loading  coefficient 

<j>  pitch  angle  (degrees) 

1.  INTRODUCTION 

When  using  water  propellers  for  the 
propulsion  of  high  speed  vessels  inclined 
propeller  shafts  are  necessary  in  most 
cases.  The  cavitation  patterns  for  propel¬ 
lers  working  under  such  conditions  are  cha¬ 
racterized  by  fairly  pronounced  variation 
cf  the  extension  for  the  inner  radii,  the 
extension  near  the  tip  being  more  indepen¬ 
dent  of  blade  position.  This  is  in  contrast 
to  the  conditions  for  single  screw  merchant 
ship  propellers,  for  which  the  largest  vari¬ 
ations  of  cavitation  extension  normally  oc¬ 
cur  near  the  blade  tips,  the  inner  radii 
being  free  from  cavitation. 

In  the  present  paper  the  cavitation 
properties  of  propellers  working  in  oblique 
flow  behind  trimmed  high  speed  displacement 
ships  are  studied. 

2.  WORKING  CONDITIONS 

The  environmental  conditions  influenc¬ 
ing  the  work  of  the  propellers  can  be  dis¬ 
cussed  under  the  following  subheadings: 

o  wake  field 
o  cavitation  number 
o  propeller  loading 

2.1  Wake  Field 

The  relation  between  the  water  speed 
at  the  propeller  disk  and  the  ship  speed 
is  defined  by  the  wake  fraction  in  the 
following  way: 


VVS 


1  -  w 


When  analysing  the  influence  on  propel¬ 
ler  performance  it  is  convenient  to  split 
up  the  wake  field  into: 

o  circumferential  variations  of  axial  wake 
o  mean  value  of  axial  wake 
o  mean  inflow  angle  relative  to  propeller 
shaft 

The  viscosity  has  a  dominant  influence 
on  the  wake  field  of  full  ship  forms.  On 
these  ships  the  propeller  works  partly  in¬ 
side  the  boundary  layer,  which  causes  two 
characteristic  effects: 

o  large  variations  in  the  circumferential 
wake  field 

o  water  speed  always  considerably  lower 
than  ship  speed 

On  high  speed  vessels  the  prope. ?r 
normally  works  outside  the  hull  boundary 
layer  [1).  Disturbances  from  inclined  pro¬ 
peller  shafts  and  struts  will,  however, 
create  narrow  peaks  in  the  circumferential 
wake  distribution  [1,  2).  The  mean  wake  is 
usually  low  on  high  speed  ships  (1  -  w  «  1) . 
The  variations  with  ship  speed  and  trim  can, 
however,  be  considerable  [2,  3].  In  Fig  1 
results  from  measurements  with  Prandtl 
tubes  in  the  towing  basin  are  shown.  The 
ship  model  represents  the  3-propeller  pro¬ 
ject  shown  in  Chapter  4  of  this  paper 
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Fig  1  Influence  of  ship  speed  on  axial  wake 
for  a  triple-screw  ship 

In  Fig  1  an  example  is  given  of  the 
variations  of  the  wake  at  the  propeller 
plane  with  ship  speed.  The  values  given  are 
mean  values  of  ±90  blade  position  and  are 
therefore  approximately  valid  for  the  pro¬ 
peller  centre.  The  variations  with  ship 
speed  are  characteristic  for  this  type  of 
ship.  1  -  w  shows  a  rapid  increase  at  speeds 
just  below  Fn  =  0.5,  a  maximum  at  FN  =  0.5 
and  then  a  decrease  with  increased  speed  so 
that  1  -  w  «  1  at  L  =  1.  The  magnitude  of 
these  variations  depends  on  the  hull  form 
and  can  be  considerably  higher  than  shown 
in  Fig  1.  The  variations  with  ship  speed 
are  shown  to  be  more  pronounced  for  the 
wing  propellers.  The  reason  for  this  is  pro¬ 
bably  the  location  of  the  wing  propellers 
being  closer  to  the  wave  perturbations  than 
that  of  the  centre  propeller. 
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The  wake  of  a  high  speed  craft  is  sen¬ 
sitive  not  only  to  variations  in  speed  but 
also  to  trim  changes,  as  shown  in  Fig  2. 
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Influence  of  trim  on  axial  wake  and 
inflow  angle  on  a  twin-screw  ship 


The  wake  shown  in  Fig  2  was  measured 
at  F„  =  0.55  in  the  towing  basin  on  the 
twin-screw  ship  model  described  in  Chapter 
3.  A  larger  trim  by  the  stern  gives  higher 
speeds  at  the  propelle:  disk  and  also  a 
larger  inflow  angle  relative  to  the  propel¬ 
ler  shaft.  The  inflow  angle  measured  by  a 
5-hole  Pitot  tube  is  shown  to  be  larger 
than  eight  degrees,  which  is  the  angle  be¬ 
tween  ship  bottom  and  propeller  shaft.  When 
the  ship  is  trimmed  by  the  stern  the  inflow 
angle  increases  by  about  one  third  of  the 
rate  of  the  increase  in  trim  angle. 

The  characteristic  features  of  the 
wake  field  of  a  high  speed  craft  seem  to 
be: 

o  the  mean  wake  is  often  negative  (1  -  w 
>  1) 

o  the  mean  wake  is  sensitive  to  speed  and 
trim  variations 

o  the  flow  is  oblique  relative  to  the  pro¬ 
peller  shaft 

As  the  wake  changes  with  trim  varia¬ 
tions  at  constant  speed  one  could  assume  the 
wake  to  be  rather  much  influenced  by  the 
potential  flow.  The  total  wake  is  then  the 
sum  of  the  effect  of  viscosity,  wy,  poten¬ 
tial  flow  (without  wave  making) ,  w  ,  and 
wave  making,  ww< 


w  =  w  +  w  +  '•’  (2) 

v  p  w 

In  order  tc  obtain  the  magnitude  of 
the  different  parts  in  Eq  2  some  theoreti¬ 
cal  calculations  have  been  carried  out  by 
the  Hess  8  Smith  method  {4]  and  compared 
with  measurements.  This  method  does  not  in¬ 
clude  the  influence  of  the  free  surface. 

In  the  towing  basin  the  local  wake  at 
the  propeller  centre  was  measured  to  w  = 
-0.076.  Measurements  behind  the  same  model 
mounted  in  the  cavitation  tunnel  with  the 
same  trim  as  in  the  basin  but  with  wooden 
plates  representing  the  water  surface  gave 
w  =  -0.035.  Theoretical  calculations  gave 
-0.074  for  the  tunnel  configuration  and 
-0.033  without  the  tunnel  (still  flat 
plates  as  the  water  surface) .  These  results 
lead  to  the  conclusion: 


Viscosity  wake 
Potential  wake 
Wave  making  wake 
Blockage  in  the  tunnel 


wv  =  +0.039 
wp  =  -0.033 
ww  =  -0.083 
wb  =  -0.041 


Thus  the  wave  making  pare  dominates  in 
this  case  and  useful  results  from  theoreti¬ 
cal  calculations  cannot  be  obtained  unless 
the  free  surface  is  taken  into  account. 

2.2  Cavitation  Number 

The  performance  of  the  propulsion  sys¬ 
tem  of  a  high  speed  craft  is  highly  depen¬ 
dent  of  the  development  of  cavitation  on 
the  propeller.  The  basis  of  a  good  correla¬ 
tion  between  model  and  prototype  must  there¬ 
fore  be  a  realistic  estimation  of  the  cavi¬ 
tation  number: 


VA  p/2  V, 


(3) 


The  static  pressure  at  the  propeller 
centre,  p_,  is  usually  calculated  as  the 
sum  of  the  atmospheric  pressure  and  the 
pressure  of  the  water  column  from  the  pro¬ 
peller  centre  up  to  the  free  surface.  The 
wave  pattern  in  the  case  of  a  high  speed 
craft,  however,  makes  the  estimation  of  the 
static  pressure  more  complex.  In  the  first 
place  it  is  not  obvious  which  surface  should 
be  used  for  the  calculations.  Secondly,  the 
potential  flow  induces  pressures,  which  in 
some  cases  cause  important  changes  of  the 
cavitation  number.  Figs  3  and  4  show  some 
results  from  measurements  of  the  static 
pressure  at  the  propeller  centre  on  the 
triple-screw  model  mentioned  earlier.  Fig  3 
shows  the  pressure  difference  between  a 
Pitot  tube  ahead  of  the  model  and  a  Pitot 
tube  at  the  propeller  disk. 

The  absolute  static  pressure  at  the 
propeller  centre  is  obtained  by  adding  Ap 
of  Fig  3  to  the  atmospheric  r>-  essure  and 
the  pressure  of  the  water  column  from  the 
propeller  centre  to  the  undisturbed  water 
surface . 
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(1  -  w)2 

In  Fig  4  this  method  is  compared  with 
the  method  of  using  the  water  column  up  to 
the  transom  as  an  approximate  value  of  the 
static  pressure. 

At  high  speeds,  F,.  «  1.0,  the  agree¬ 
ment  between  the  methods  is  shown  to  be 
good.  At  lower  speeds  where  the  trim  and 
sinkage  at  the  stern  are  large  the  calcula¬ 
ted  stacic  pressure  is  too  high.  For  the 
wing  propellers  this  difference  is  not  neg¬ 
ligible  . 

The  theoretical  calculations  described 
in  2.1  also  included  static  pressure.  The 
values  obtained  have  in  Fig  5  also  been 
compared  with  measured  static  pressures. 

The  measurements  in  the  towing  basin 
and  in  the  cavitation  tunnel  happened  to 
give  almost  identical  results  for  the  pro¬ 
peller  centre.  This  is  not  usually  the 
case  and  correction  for  this  difference  is 
made  when  calculating  the  cavitation  num¬ 
ber  for  the  cavitation  tunnel. 


T  VA  (1  -  w)2 

In  Fig  5  the  theoretical  calculations 
also  agree  very  well  with  the  measurements 
at  the  propeller  centre  in  the  tunnel.  The 
differences  for  locations  closer  to  the 
hull  are  probably  due  to  disturbances  from 
shaft  and  struts,  which  were  not  included 
in  the  calculations.  The  calculations  for 
the  towing  basin  show  also  here  that  use¬ 
ful  results  cannot  be  obtained  unless  the 
free  surface  is  taken  into  account. 

2.3  Propeller  Loading 

The  propeller  loading  is  also  a  fun¬ 
damental  parameter  for  the  cavitation  test. 
The  estimation  of  the  propeller  loading 
includes  all  the  traditional  towing  tank 
problems : 

o  towing  tests  for  measurements  of  resis¬ 
tance  of  hull  and  appendages  [5] 
o  self  propulsion  tests  for  determination 
of  the  thrust  deduction  factor  and  wake 
fraction  [3,  5] 

o  calculation  of  propeller  loadings  by 

the  use  of  scale  factors  and  correlation 
factors,  empirically  estimated  on  the 
basis  of  earlier  experience 

Vjl  -  «> 

For  most  merchant  ships  the  cavitation 
does  not  develop  so  far  as  to  influence  the 
propeller  characteristics.  The  self  propul¬ 
sion  tests  in  the  towing  tank  can  therefore 
form  the  basis  of  the  prediction  of  power 


and  number  of  revolutions  at  different 
speeds.  The  purpose  of  the  cavitation  tests 
is  for  most  merchant  ships  to  check  the 
erosion  properties  of  the  propeller  and  to 
measure  the  vibration  excitation  forces  and 
the  noise  generated  by  the  propeller. 

The  characteristics  of  a  high  speed 
propeller  are,  however,  very  much  influenced 
by  cavitation.  Further,  this  influence  is 
different  in  constant  flow  and  when  the  pro¬ 
peller  is  working  behind  the  hull  (as  shown 
later  on) .  Thus  both  propulsion  tests  and 
cavitation  tests  are  necessary  for  a  reli¬ 
able  power  prediction.  In  the  latter  case 
the  tests  have  to  be  carried  out  in  behind 
condition. 

The  purposes  of  the  different  tests 

are: 

o  open  water  tests  in  towing  tank  give  the 
relation  oetween  thrust  and  advance  co¬ 
efficients  and  form  the  basis  of  calcu¬ 
lation  of  effective  wake  fraction 
o  propulsion  tests  in  towing  tank  give  pro¬ 
peller  thrust  and  wake  for  different  ship 
speeds 

o  cavitation  tests  in  behind  condition  give 
the  relation  between  thrust,  torque, 
efficiency  and  number  of  revs  at  cavi- 
tating  conditions.  Input  parameters  are 
the  cavitacion  number  according  to  Eq 
(5)  and  the  propeller  loading  according 
to  Eq  (6) 

3.  SYSTEMATIC  PROPELLER  TESTS 

A  number  of  systematic  propeller  series 
for  propellers  specially  designed  for  high 
speed  ships  have  been  presented  in  the  lit¬ 
erature,  for  example  [6,  7,  8,  9].  Tnese 
propellers  have,  however,  usually  been  tes¬ 
ted  in  uniform  flow.  Very  little  is  known 
of  the  influence  of  propeller  geometry  on 
for  example  erosion,  interaction  with  hull 
and  pressure  fluctuations  when  the  propel¬ 
lers  are  working  behind  a  hull.  It  is  the 
purpose  of  the  present  investigation  to 
improve  the  knowledge  in  this  field  some¬ 
what. 

3.1  Propeller  Geometry 

Six  3-bladed  high  speed  propeller  mo¬ 
dels  with  the  diameter  250  mm  were  chosen 
for  the  investigation.  The  main  propeller 
parameters  are  shown  in  Table  1. 

The  three  first  propellers  (Conv  1.05, 
Conv  0.75  and  Conv  0.50}  represent  a  blade 
area  variation  of  propellers  of  rather  con¬ 
ventional  design,  with  symmetrical  blade 
shape  and  NACA  sections. 

Propeller  Warp  0.75  is  a  blade  shape 
(warp  120°)  variation  of  the  conventional 
propeller  with  blade  area  ratio  0.75. 

The  two  last  propellers  have  two  dif¬ 
ferent  supercavitating  sections.  Propeller 
S.C.  0.50  has  a  face  shape  according  to  tne 
3-term  distribution  and  a  modified  2-term 
thickness  distribution  [9].  The  last  propel¬ 
ler  model  was  designed  to  have  improved 
cavitation  properties  in  the  partially 
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Table  1  Main  propeller  parameters 


Propeller 

No 

Design  point 

J  Kt  0 

*p/^0 

Profiles 

Pitch 

distr 

Blade 

shape 

Designation 

Notation 
in  figures 

1 

P1391 

1.16 

0.19 

CO 

1.05 

NACA  16 

unload 

sym 

Conv 

1.05 

_ o _ 

| 

P1477 

1.16 

0.19 

00 

0.75 

NACA  16 

unload 

sym 

Conv 

0.75 

— o - 

f 

P1514 

1.16 

0.19 

CO 

0.50 

NACA  16 

unload 

sym 

Conv 

0.50 

- — A - 

c 

P1714 

1.16 

0.19 

co 

0.75 

NACA  16 

unload 

120°  warp 

Warn 

0.75 

- *  -*# - 

i 

P1439 

1.15 

0.146 

0.58 

0.50 

wedge 

opt 

sym 

SC 

0.50 

- ■ - 

i 

P1790 

1.15 

0.146 

0.58 

0.50 

spec 

opt 

sym 

PC 

0.50 

cavitating  (PC)  region.  The  profile  is  a 
combination  of  5 -term  face  shape  and  an 
empirically  derived  back  shape. 

Further  information  about  the  propel¬ 
lers,  such  as  blade  shape,  pitch  distri¬ 
bution,  camber  distribution  and  design 
method  is  given  in  the  Appendix. 

3.2  Ship  Model 

The  ship  model  used  for  the  investi¬ 
gation  is  a  twin-screw  patrol  craft  in 
scale  1:5.0  with  a  propeller  arrangement 
according  to  Fig  6 . 


1.25  m  absorbing  about  1.5  Mw  at  about 
700  r/m. 

Table  2  Propeller  loadings  and  cavitation 
numbers  tested 


vs 

(knots) 

kt/j3 

1  -  w 

°T 

20 

0.248 

1.05 

2.07 

30 

0.156 

1.02 

0.941 

35 

0.134 

1.0 

0.70 

Fig  6  Propeller  arrangement  on  ship  model 

The  main  interest  in  this  investiga¬ 
tion  is  devoted  to  the  3peed  range  30-35 
knots.  In  order  to  have  a  typical  low 
speed  point  20  knots  was,  however,  also  in¬ 
cluded  in  the  test  program.  The  propeller 
loadings  used  for  this  study  were  chosen 
to  suit  the  pitch  and  diameter  of  the  pro¬ 
pellers. 

The  full  scale  ship  correlating  to 
these  loadings  could  be  a  twin-screw  pa¬ 
trol  craft  with  a  displacement  of  about 
100  m3  operating  at  speeds  of  about  30 
knots  with  propellers  with  a  diameter  of 


f- 


3.3  Test  Facilities 


Tihe  cavitation  tests  were  carried  out 
in  SSPA  large  cavitation  tunnel.  The  tunnel 
is  fitted  with  two  interchangeable  test 
sections,  i  e: 

o  one  circular,  high-speed  test  section 
o  one  rectangular,  low  speed  test  section, 
large  enough  for  tests  with  combinations 
of  propellers  and  complete  ship  models 

A  sketch  of  the  tunnel  with  the  large 
test  section  in  place  is  given  in  Fig  7. 

The  most  important  data  of  the  test  sec¬ 
tions  are  given  in  Table  3. 

Table  3  Main  data  of  test  sections  of 
cavitation  tunnel  2 


High  speed 
section 

Low  speed  section 
original  with  insert 

Length  (a) 

2.5 

9.6 

9.6 

Area  B  x  H  (a2) 

diam  1  a 

2.6  x  1.5 

2.6  x  1.15 

Max  speed  (m/s) 

23 

6.9 

8.8 

Min  cav  number 

0.06* 

1.45 

0.50 

T 


*Eapty  tunnel.  At  propeller  tests  cavitation  on 
right-angle  gear  dynamometer  sets  O  =  0.15  as  the 
lower  limit. 

The  low  speed  test  section  is  covered 
by  a  recess,  in  which  the  ship  model  was 
placed.  The  model  was  the  one  used  for 
tests  in  the  towing  basin  and  was  at  this 
investigation  made  of  fibre-glass.  The  model 
was  placed  in  the  tunnel  with  the  correct 
draught  at  the  stem  and  with  the  same  trim 
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Fig  7  The  SSPA  large  cavitation  tunnel  with  low-speed  test  section  in  place.  Dimensions  in 
metres 


as  at  the  tests  in  the  basin.  Individually- 
cut  wooden  plates  were  then  fitted  to  simu¬ 
late  a  flat  free  surface.  At  the  tests  in 
this  study  also  a  dummy  simulating  the 
wave  behind  the  transom  was  mounted  under 
the  plates  behind  the  model.  With  this 
mounting  the  static  pressure  at  the  pro¬ 
peller  centre  was  measured  to  be  0.16*p/2Vs 
lower  than  the  free  stream  pressure,  as  is 
also  shown  in  Fig  5.  The  test  section  and 
the  recess  were  completely  filled  with 
water  at  the  tests. 

To  drive  the  propeller  models  one  AC 
electric  motor  was  used  for  each  propeller. 
Strain  gauge  dynamometers  for  measuring 
thrust  and  torque  were  placed  in  the  shafts 
close  to  the  propellers. 

The  operating  range  of  the  test  sec¬ 
tion  with  insert  covers  ship  speeds  up  to 
about  45  knots  at  the  water  speed  8  m/s. 

At  this  investigation  the  water  speed  7  m/s 
was  used. 

A  more  thorough  description  of  the 
tunnel  and  its  background  is  given  in  [10]. 

3.4  Primary  Results 

The  primary  results  from  the  cavita¬ 
tion  tests  are: 


o  cavitation  patterns 
o  thrust,  torque  and  number  of  revs 
o  risk  of  erosion 

o  pressure  fluctuations  induced  on  the 
hull 

In  Figs  8  and  9  photographs  of  the 
cavitation  patterns  with  the  blade  in  top 
position  are  compared  for  the  six  propel¬ 
lers.  Due  to  the  oblique  flow  the  back  cavi¬ 
tation  has  its  maximum  at  b^ade  position 
+90°  and  its  minimum  at  -90°,  the  variations 
being  more  pronounced  for  the  inner  radii 
than  for  the  oute.  ones.  Thus  the  cavitation 
patterns  in  Figs  8  and  9  represent  a  kind 
of  mean  cavitation  extension. 

One  of  the  most  serious  problems  with 
high  speed  propellers  in  oblique  flow  is 
root  erosion.  At  SSPA  a  paint  test  tech¬ 
nique  has  been  developed,  which  shows  the 
risk  of  erosion  after  only  30  minutes  test 
in  the  cavitation  tunnel  [11].  Fig  10  shows 
the  results  of  testing  the  propellers  with 
this  technique  at  the  30  knots  propeller 
loading.  The  most  severe  erosion  is  found 
on  the  conventional  propellers  with  wider 
blades.  The  propellers  of  the  supercavita- 
ting  type  show,  however,  very  little  eros¬ 
ion.  Especially  propeller  P.C.  0.50  seems 
to  be  very  successful  from  this  point  of 
view.  The  propellers  Conv  0.50  and  Warp  0.75 
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Fig  11  Power  and  number  of  revs  for  the 
prototype  predicted  from  cavita¬ 
tion  tunnel  tests 

were  completely  free  from  erosion,  depend¬ 
ing  on  almost  fully  cavitating  conditions 
at  this  propeller  leading. 

When  running  the  tests  the  number  of 
revs  is  adjusted  so  that  the  propeller 
loading  according  to  Eq  6  is  obtained.  At 
this  loading  the  torque  coefficient  and 
advance  ratio  are  then  measured,  forming 
the  basis  for  calculations  of  power  demand 
and  number  of  revs  for  the  prototype. 

The  power  demands  for  the  different 
propellers  shown  in  Fig  11  are  fairly  close 
to  each  other  at  20  and  30  knots  (except 
for  propellers  Conv  0.50  and  Warp  0.75 
at  30  knots) .  Note  especially  that  the 
propellers  of  the  supercavitating  type 
have  only  slightly  higher  power  demands 
than  the  conventional  propellers  with  blade 
area  ratios  1.05  and  0.75.  At  35  knots  the 
differences  between  the  propellers  are, 
however,  considerable. 

The  pressure  fluctuations  induced  on 
the  hull  are  important  results  from  the 
cavitation  tests,  as  excited  vibrations  and 
noise  emanate  from  them.  Fig  12  shows  the 
pressure  fluctuations  measured  on  the  hull 
just  above  the  propellers.  The  values  given 
are  the  mean  blade  frequency  amplitudes 
analysed  by  the  digital  method  described 


Fig  12  Comparison  of  blade  frequency 
amplitudes  induced  on  the  hull 
of  the  prototype 

in  [12). 

When  comparing  the  propellers  in  Fig 
12  three  things  are  noticeable: 

o  propeller  Conv  0.50  induces  very  large 
amplitudes 

o  propeller  Warp  0.75  induces  rather  low 
amplitudes 

o  the  propellers  of  the  supercavitating 
type  do  not  induce  larger  amplitudes 
than  the  conventional  propellers. 

3.5  Influence  of  Cavitation  on  Pressure 
Amplitudes 

The  pressure  amplitudes  in  Fig  12  have 
also  been  plotted  in  Fig  13  as  the  dimen¬ 
sionless  amplitude  coefficient  Kp  used  for 
the  scaling  of  pressure  fluctuations.  Using 
this  coefficient  the  levels  are  shown  to  be 
fairly  constant  at  decreasing  cavitation 
numbers  in  spite  of  the  fact  that  the  cavi¬ 
tation  extensions  are  increasing.  A  prob¬ 
able  explanation  of  this,  also  proposed  in 
[13],  could  be  that  the  pressure  amplitudes 
are- increased  at  lower  cavitation  numbers 
due  to  the  cavitation,  but  at  the  same  time 
decreased  because  of  reduced  propeller 
loading. 

In  [2]  it  was  shown  that  Kp  for  a  non- 
cavitating  propeller  divided  by  the  thrust 
coefficient  K„  is  almost  independent  of  the 
advance  ratio:  Using  this  parameter  the  in¬ 
fluence  of  clearance  ratio  on  the  pressure 
amplitudes  for  3-bladed  propellers  is  shown 
in  Fig  14,  reproduced  from  [2].  The  theo¬ 
retical  curve  was  calculated  by  a  method 
outlined  in  [14]  and  the  experimental 
values  emanate  from  different  investigations 
in  the  SSPA  large  cavitation  tunnel.  The 
points  with  flags  are  the  propellers  in  the 
present  investigation. 
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Fig  14  Influence  of  clearance  on  the  blade 
frequency  pressure  amplitudes  of  a 
non-cavitating  propeller 
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Fig  15  Variation  of  the  non-cavitating 

contribution  to  the  pressure  ampli¬ 
tudes 


By  assuming  that  also  for  a  cav itating 
propeller  the  non-cavitating  contribution 
is  proportional  to  the  thrust  coefficient 
the  following  expression  is  obtained: 


KPnc  =  Cnc  *  KT 


(7) 


where  C  is  given  by  Fig  14. 

Thenon-cavitating  pressure  amplitudes 
thus  reflecting  the  thrust  coefficient  are 
given  in  Fig  15. 

The  relation  between  the  values  in  Figs 
13  and  15  gives  the  cavitation  amplification 
of  the  pressure  amplitudes  in  Fig  16.  The 
amplification  factors  given  in  Fig  16  show 
magnitudes  which  seem  to  be  well  correlated 
to  the  cavitation  pictures  given  in  Figs  8 
and  9.  Th»-  photographs  with  the  most  exten¬ 
sive  cavitation  correspond  to  the  largest 
values  of  the  amplification  factor.  Two 
levels  of  this  factor  are  also  shown  in  Fig 
16.  The  majority  of  the  propellers  end  up 
at  values  around  2.0  at  c  =  0.7.  For  the 
propellers  with  complete  thrust  breakdown, 
however,  the  amplifications  are  about  3.5. 


3.6  Influence  of  Hull  on  Propeller  Charac¬ 
teristics 


In  [2,  9]  the  influence  of  hull  on  the 
characteristics  of  a  cavitating  propeller 
was  reported  to  be  a  kind  of  wall  effect 
reducing  thrust  and  torque  up  to  10%.  In 
Fig  17  the  hull  influence  obtained  in  this 
investigation  is  given  as  the  influence  on 
thrust  and  efficiency.  The  thrust  coeffi¬ 
cients  and  efficiencies  in  behind  condi¬ 
tion  (Kmg»  nB>  were  measured  at  cavitation 
tests  with  tne  complete  ship  model  accord¬ 
ing  to  Fig  6  with  the  cavitation  number  cT 
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Fig  16  Variation  of  the  cavitation  ampli¬ 
fication  with  cavitation  number 
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Fig  17  Hull  influence  on  thrust  and 
efficiency 


Influence  of  shaft  inclination 
8  degrees  on  the  characteristics 
measured  in  the  high  speed  test 
section 


in  the  tunnel.  These  values  have  been  com¬ 
pared  with  thrust  coefficients  and  effi¬ 
ciencies  (Ktq,  r.Q)  measured  with  the  same 
propeller  mocel  working  in  homogeneous  flow 
at  zero  shaft  inclination  in  the  high  speed 
test  section  of  the  cavitation  tunnel.  In 
order  to  compare  identical  cavitation  num¬ 
bers  K_0  and  n  were  measured  at  the  cavi- 
tion  n Amber  o.,.  =  -  0.16,  which  is  the 

cavitation  number  at  the  propeller  centre 
when  the  ship  model  is  ncunted  in  the  tun¬ 
nel  . 

The  influence  shown  in  Fig  17  thus 
includes  not  only  the  influence  of  the  hull 
but  also  the  influence  of  rudders  and  the 
shaft  inclination.  The  influence  of  rudders 
covering  only  half  the  propeller  diameter 
has  been  shown  to  be  very  small  [15].  The 
influence  of  the  sh**ft  inclination  8  de¬ 
grees  on  the  tested  proptllnrs  except  pro¬ 
peller  Karp  0.75  is  given  in  Fig  rS.  This 
influence  is  shown  to  be  very  different 
from  the  influence  of  the  hull  shown  in  Fig 
17.  The  thrust  coefficients  and  efficiencies 
are  generally  increased  a  few  per  cent  when 
inclining  the  shaft,  while  the  influence 
given  in  Fig  17  is  a  reduction  of  these 
coefficients.  Thus  if  the  obliqueness  of 
the  flow  had  been  excluded  the  tendencies 
given  in  Fig  17  would  probably  have  been 
even  further  emphasized. 

When  studying  the  influence  of  cavita- 
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17  it  is  somewhat  surprising  to  see  the 
relations  between  cavitation  numbers  0.94 
and  0.7.  The  hull  influence  seems  to  be 
larger  at  moderate  cavitation  extensions 
(a  =  0.94)  than  at  the  extreme  cavitation 
conditions  at  o  =  0.7.  This  means  that  the 
limits  for  thrust  breakdown  should  be  very 
much  influenced  by  the  hull.  In  Fig  19  the 
loading  conditions  for  propellers  Conv  1.05, 
Conv  0.75  and  Conv  0.50  have  been  plotted 
in  a  graph  showing  the  limit  for  thrust 
breakdown  for  these  propellers  when  tested 
in  the  high  speed  test  section  116].  Accord¬ 
ing  to  this  limit  the  loadings  30  knots  for 
Conv  0.75  and  35  knots  for  Conv  1.05  should 
not  have  thrust  breakdown.  However,  when 
working  behind  the  ship  model  they  did  have 


Cavitation  number  Gy 

Fig  20  Hull  influence  treated  as  an  influ¬ 
ence  on  the  advance  ratio 

thrust  breakdown,  as  shown  in  Fig  17.  In 
Fig  19  some  experimental  values  obtained 
in  the  high  speed  test  section  with  a 
propeller  similar  to  Conv  1.05  are  also 
given.  At  these  latter  tests  also  a  plate 
with  clearance  ratio  0.22  was  mounted  in 
the  tunnel.  The  agreement  between  these 
plate  tests  and  the  tests  with  the  complete 
ship  model  seems  to  be  very  good-  The  lis  ts 
for  thrust  breakdown  obtained  in  unbounded 
flew  apparently  give  too  small  blade  area 
ratios.  This  is  also  in  accordance  with  the 
full  scale  experience  given  in  I 17], 

The  very  small  hull  influence  shown  in 
Fig  17  3t  the  extreme  cavitation  conditions 
(oT  =  0.7  Warp  0.75,  Conv  0.50)  is  in  agree¬ 
ment  with  studies  of  wall  effects  in  118] 
and  119].  When  discussing  wall  effects  on 
supercavitating  and  ventilated  propellers 
Morgan  in  the  summary  report  [20]  states 
that  according  to  the  theories  of  Tulin 

[18]  there  should  be  no  influence  of  wall 
effects.  Results  of  measurements  on  geosim 
propellers  in  a  cavitation  tunnel  given  in 

[19]  lead  to  the  same  conclusion.  However, 
if  the  influence  of  the  hull  is  considered 
to  be  a  blockage  effect  then  correction  of 
the  advance  ratios  (which  means  correction 
of  the  wake)  should  be  more  appropriate 
than  correction  of  the  thrust  coefficient. 

In  Fig  20  this  treatment  has  been  used  on 
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the  results  of  Fig  17. 

The  hull  influence  given  in  Fig  20  is 
shown  to  increase  continuously  with  decreas¬ 
ing  cavitation  number.  The  points  for  o  = 

0.7  and  propellers  Conv  0.50  and  Warp  0.75 
have,  however,  been  left  out  of  Fig  20.  The 
reason  for  this  is  that  they  are  situated 
in  the  supercavitating  region  of  the  char¬ 
acteristics  where  the  thrust  coefficients 
are  almost  independent  of  the  advance 
ratio.  The  ratio  J0/J„  could  therefore  be 
anything  from  1.0  to  8. 8.  Treated  in  this 
way  it  .  ‘•herefore  very  difficult  to  tell 
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is  a  large  influence  of  wall 
percavitating  conditions 
se  fact  that  the  thrust  coeffi- 
imost  indpendent  of  advance 
or  a  negligible  influence  of  wall 


4.  INTERACTION  ON  A  TRIPLE-SCREW  SHIP 

In  this  chapter  some  results  from 
cavitation  tests  of  a  triple-screw  .-hip 
according  to  Fig  21  will  be  given.  First 
the  hull  influence  at  single-screw  opera¬ 
tion  will  be  discussed  and  finally  the 
propeller-propeller  influence  is  shown. 
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Fig  22  Influence  of  clearance  on  propeller 
thrust  and  efficiency  obtained  by 
tests  with  a  plate  arrangement 

cavitating  propeller  at  increasing  clear¬ 
ances.  These  results  have,  however,  now 
been  confirmed  at  the  clearance  ratio  0.2 
by  tests  with  a  complete  ship  model.  At 
the  tests  with  the  triple-screw  ship  also 
single-screw  operation  was  tested  as  a 
comparison  with  the  earlier  tested  plate 
arrangement.  These  results  are  given  in 
Fig  23.  The  agreement  betwe®"  the  test 
arrangements  is  shown  to  be  very  good  at 
small  and  moderate  advance  ratios.  At  J  = 

1.1  the  tests  with  the  complete  ship  model, 
however,  give  lower  thrust  and  torque  than 
the  tests  with  tne  place  arrangement.  The 
results  from  measurements  on  the  prototype, 
also  given  in  Fig  23,  are  shown  to  give 
the  same  tendency  as  the  tests  with  the 
complete  ship  model. 

In  order  to  confirm  the  results  of  Fig 
22  also  at  large  propeller-hull  clearances 
some  further  tests  with  complete  ship  models 
are  needed. 


Fig  21  Propeller  arrangement  on  triple¬ 
screw  model 

4.1  Influence  of  Propeller-Hull  Clearance 

The  influence  of  clearance  on  the 
propeller  characteristics  has  been  inves¬ 
tigated  at  tests  in  the  high  speed  test 
section  with  a  plate  located  above  the 
propeller  [2,  93.  Results  from  these  tests 
are  shown  in  Fig  22.  One  notable  observa¬ 
tion  at  these  tests  was  the  very  slow  de¬ 
crease  of  the  hull  influence  for  the  super- 


4.2  Propeller-Propeller  Interaction 

At  tests  with  the  ship  model  shown  in 
Fig  2i  identical  wake  fractions  at  atmos¬ 
pheric  tests  were  measured  at  triple-screw 
operation  and  with  each  of  the  propellers 
alone  on  the  ship  model.  With  the  same  num¬ 
ber  of  revs  on  all  three  propellers  there 
was  obviously  no  interaccion  between  the 
propellers  at  non-cavitating  conditions. 

For  the  cavitating  propellers  the 
interaction  shown  in  Fig  24  was,  however, 
measured.  These  results  were  obtained  by 
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Fig  24  Interaction  between  propellers  on 
a  triple-screw  ship 

5.  CONCLUSIONS 


Fig  23  Comparison  of  propeller  character¬ 
istics  obtained  at  tests  with 
plate  arrangement  and  at  tests 
with  a  complete  ship  model 

comparing  thrust  and  efficiency  in  triple- 
screw  operation  (K_  , ,  nB3)  with  the  thrust 
and  efficiency  measured  when  each  of  the 
propellers  was  working  alone  on  the  ship 
model  (Ktb,  nB> .  The  propeller-propeller 
interaction  in  Fig  24  is  shown  to  imply  a 
further  reduction  of  thrust  and  efficiency. 
The  influence  is  larger  for  the  wing  pro¬ 
pellers  than  for  the  centre  propeller.  It 
is  also  very  much  dependent  of  the  advance 
ratio.  In  fact  the  advance  ratio  seems  to 
be  a  more  important  parameter  than  the 
cavitation  number.  J  =  0.8  with  almost 
supercavitating  conditions  gives  less 
influence  than  J  =  0.95.  This  is  a  similar 
tendency  to  that  shown  concerning  propeller 
-hull  influence  in  Fig  17,  where  the  heav¬ 
ily  cavitating  propellers  were  less  influ¬ 
enced  by  the  hull  than  the  partly  cavitat¬ 
ing  propellers. 


From  the  results  presented  in  the  pre¬ 
sent  paper  the  following  conclusions  may  be 
drawn: 

5.1  Working  Conditions 

o  Wake  and  static  pressure  at  the  propeller 
^'.ane  are  sensitive  to  ship  speed  and 
trim.  Accurate  loading  conditions  should 
be  based  on  measurements  of  these, 
o  Useful  results  of  theoretical  calcula¬ 
tions  of  wake  and  static  pressure  cannot 
be  obtained  unless  the  free  surface  is 
taken  into  account. 

5.2  Systematic  Propeller  Tests 

o  Propellers  of  the  supercavitating  type 
give  less  risk  of  erosion,  do  not  induce 
larger  pressure  amplitudes  on  the  hull 
and  demand  only  slightly  more  power  than 
propellers  of  the  conventional  type, 
o  Propellers  with  highly  warped  blade  shape 
induce  considerably  lower  pressure  ampli¬ 
tudes  on  the  hull  than  propellers  with 
symmetrical  blade  shape, 
o  The  cavitation  amplification  of  the 
pressure  amplitudes  induced  on  the  hull 
was  about  2  for  "moderate"  cavitation 
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conditions  and  about  3.5  when  complete 
thrust  breakdown  occurred, 
o  The  hull  influence  on  thrust  and  effi¬ 
ciency  implies  a  reduction  of  up  to 
15%  of  the  thrust  coefficient  and  a 
reduction  of  up  to  10%  of  the  effici¬ 
ency  . 

o  The  hull  influence  on  the  limit  for 

thrust  breakdown  implies  that  too  snail 
blade  area  ratios  are  chosen  when  using 
limits  obtained  in  unbounded  flow, 
o  The  hull  influence  on  the  propeller 
characteristics  may  be  a  blockage  ef¬ 
fect.  The  influence  at  supercavitating 
conditions  can  then  be  considerably 
larger  than  it  appears  to  be  when 
thrust  correction  is  used. 

5.3  Interaction  on  a  Triple-Screw  Ship 

o  The  hull  influence  on  propeller  charac¬ 
teristics  seems  to  be  remarkably  con¬ 
stant  at  increasing  clearances, 
o  Good  agreement  between  measurements  of 
tr.rust  and  torque  with  plate  arrangement 
and  with  complete  ship  model, 
o  Propeller-propeller  interaction  implies 
further  reduction  of  thrust  and  effi¬ 
ciency. 

o  Propeller-propeller  influence  is  larger 
on  wing  propellers  than  on  centre  pro¬ 
peller  and  is  larger  at  "moderate" 
advance  ratios  than  at  small  advance 
ratios . 
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Fig  27  Blade  shape  and  distributions  of  pitch  and  face  camber  for  propellers  S.C.  0.50  and 
P.C.  0.50 


The  propellers  with  NACA  16  profile 
shape  have  all  been  designed  by  the  same 
procedure  and  with  the  same  rather  unload¬ 
ed  circulation  distribution.  The  lifting 
line  calculations  were  carried  out  accord¬ 
ing  to  a  modified  procedure  for  calcula¬ 
tion  of  induction  factors  described  in 

[21] .  The  lifting  surface  corrections  were 
then  calculated  according  to  Pien's  method 

[22]  programmed  at  SSPA.  For  propellers 
with  symmetrical  blades  and  no  rake  this 
design  procedure  gives  very  good  estimates 
of  pitch  and  camber. 

The  propeller  Warp  0.75  has  the  same 
chord  lengths  and  circulation  distribution 
as  propeller  Conv  0.75,  the  blades,  how¬ 
ever,  being  skewed  120  degrees.  Further 
the  skew-induced  rake  has  been  compensated 
by  raking  the  blades  forward  about  60 
degrees.  In  this  way  the  clearance  curve 
for  propellers  Conv  0.75  and  Warp  0.75  are 
almost  identical.  When  propeller  Warp  0.75 
was  designed,  however,  very  little  was 
known  about  the  effect  of  extreme  forward 
rake  on  the  propeller  characteristics.  The 
design  was  therefore  carried  out  by  the 
same  procedure  as  for  unraked  propellers. 
Later  it  has  been  shown  that  the  effect  of 
rake  is  to  increase  thrust  and  torque  [23], 
which  is  not  predicted  by  the  design  method. 
The  propeller  Warp  0.75  is  consequently 
considerably  overpitched  at  the  inner  radii. 

The  propellers  S.C.  0.50  and  P.C.  0.50 
have  been  designed  according  to  the  proce¬ 
dure  given  in  [8]  with  empirically  derived 
pitch  corrections  according  to  [9],  The 
radial  circulation  distribution  is  optimum. 
Propeller  S.C.  0.50  has  wedge-shaped  sec¬ 
tions  according  to  [9]  with  a  3-term  face 
combined  with  a  2-term  modified  thickness 
distribution.  Propeller  P.C.  0.50  repre¬ 
sents  a  first  attempt  to  improve  the  per¬ 
formance  of  the  supercavitating  sections 


at  partially  cavitating  conditions.  In  this 
case  a  5-term  face  is  combined  with  an 
empirically  derived  shape  of  the  back. 

In  Fig  28  the  free  stream  propeller 
characteristics  are  plotted  in  the  follow¬ 
ing  way. 

Propeller  thrust  and  efficiency  at 
cavitating  conditions  at  the  advance  ratio 
used  in  the  behind  condition  have  been 
related  to  thrust  and  efficiency  at  non- 
cavitating  conditions  at  the  same  advance 
ratio. 
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Discussion 


K  R  Suhrbier  (Vospet  fnomycroti) 

I  thank  the  author  for  his  stim¬ 
ulating  paper.  Regarding  Fig. 17  I  would 
like  to  say  that  comparisons  of  convention¬ 
ally  defined  relative  rotative  efficiencies 
■*2r  can  be  misleading  for  inclined  shaft 
arrangements  if  extended  to  cavitating  con¬ 
ditions.  The  Yr  changes  shown  should  not 
be  regarded  as  an  'exact'  measure  of  pro¬ 
pulsive  efficiency  changes,  simply  because 
the  'behind'  thrust  used  is  not  the  effec¬ 
tive  or  net  thrust;  the  effect  of  cavita¬ 
tion  on  the  propeller  normal  force  (due  to 
oblique  inflow)  is  not  considered.  If  it 
were  included  in  a  more  complete  analysis 
it  would  either  show  up,  as  a  somewhat 
compensating  effect,  in  the  hull  efficien¬ 
cy  *iH  or  in  a  different  ’Z#  or  KT  ratio, 
depending  on  the  approach  used.  The  data 
on  the  influence  of  shaft  inclination  (Fig. 
18)  is  affected  in  a  similar  way. 

I  have  some  difficulty  with  the  au¬ 
thor's  findings  on  the  propeller-hull  or 
clearance  influence.  The  effects  shown  in 
Fig. 22  and  in  the  author's  earlier  papers 
do  not  seem  to  agree  with  our  experimental 
data.  So  far,  we  did  not  find  (in  several 
similar  tests  for  different  purposes) 
effects  of  this  kind  or  magnitude.  Further 
experiments  will  be  carried  out  by  us  in 
the  near  future  and  they  might  help  to 
clear  up  this  discrepancy.  A  20%  reduction 
in  efficiency,  as  mentioned  m  the  paper, 
is  not  in  line  with  our  experience  with 
high-speed  craft. 

With  reference  tc  Fig.  12  I  would  like 
to  add  that  it  is  not  sufficient  in  our  (and 
others')  experience  to  compare  just  the 
pressure  amplitudes  of  the  tip  position, 
because  the  peak  pressures  may  be  further 
downstream  depending  on  the  extent  of  cav¬ 
itation. 


E.A  Weitendorf  (hsva> 

In  Fig. 14  of  the  paper  the  influence 
of  the  tip  clearance  of  the  blade  frequency 
pressures  in  the  non-cavitating  condition 
is  given.  By  the  way,  these  values  can 
easily  be  calculated. 

In  Fig. 16  of  the  paper  an  amplification 
factor  for  cavitation  is  displayed. 

The  first  pressure  impulse  measurements 
in  1967  by  Denny  pub' ished  and  our  measure¬ 
ments  published  in  1973  showed  a  decrease 
of  the  blade  frequency  pressures  due  to  the 
thrust  breakdown  was  found  by  using  five 
pressure  pick-ups  in  longitudinal  direction 
parallel  to  the  propeller  shaft  —  a  point 
already  mentioned  by  the  fore-going  dis¬ 
cusser.  It  is  well  known  that  there  are 
mainly  at  least  two  physical  phenomena;  An 
increase  of  blade  frequency  pressures  due 
to  the  displacement  effect  of  the  cavity  as 


found  in  the  wake  of  merchant  ships  and 
secondly  a  decrease  of  the  blade  frequency 
pressures  due  to  the  thrust  break  down 
caused  by  the  cavity.  But  in  Fig. 16  of  the 
paper  no  value  of  less  than  1.0  can  be  de¬ 
tected,  at  least  for  the  conventional  pro¬ 
pellers. 

Can  the  author  give  an  explanation  for 
the  cavitation  amplification  factor  of  this 
type  ?  Thank  you. 


Author’s  Reply 

O  Rulgersson  (SSPA) 

I  thank  Mr.  Suhrbier  and  Dr.  Weitendorf 
for  their  attention  to  the  paper. 

I  agree  with  the  discussers  that  it 
is  generally  insufficient  to  compare  pres¬ 
sure  fluctuations  measured  in  only  one 
transducer.  In  this  investigation  actually 
8  transducers  were  used.  However  since  all 
transducers  showed  the  same  relation  between 
the  propellers  the  results  from  only  the 
tip  transducer  were  shown  in  the  paper. 

Dr .Weitendorf  seems  to  have  misunder¬ 
stood  the  purpose  of  Fig.  14-16.  The  reason 
for  extracting  the  amplification  factor  in 
Fig. 16  is  to  give  the  magnitude  of  the 
effect  the  discusser  is  mentioning.  The 
decrease  in  amplitude  due  to  thrust  re¬ 
duction  is  shown  in  Fg.15  and  the  increase 
due  to  cavitation  is  shown  in  Fig. 16. 

Mr. Suhrbier  is  correctly  saying  that 
the  definition  of  given  in  the  paper 
only  takes  account  for  the  forces  in  the 
shaft  direction.  An  "exact"  definition 
however  means  that  forces  must  be  measured 
both  in  struts  and  rudders  and  have  not  yet 
beer,  considered. 

Finally  J  am  very  sorry  that  Mr. Suhr¬ 
bier  has  not  been  able  to  find  the  pro¬ 
peller-hull  influence  in  his  investigations 
because  I  am  quite  convinced  it  should  be 
there.  The  magnitude  mentioned  in  the  con¬ 
clusions  of  the  paper  is  perhaps  somewhat 
provocative  (15%  reduction  of  thrust  and 
10%  *  reduction  of  efficiency) .  A  closer 
look  at  Fig. 17  will  however  show  that  these 
figures  are  valid  for  a  50%  blade  area  pro¬ 
peller  of  conventional  design  on  a  30  knots 
vessel.  This  is  of  course  not  a  realistic 
propeller  for  this  speed  and  I  doubt  if 
such  a  case  exists  in  the  discussers  inves¬ 
tigations.  More  realistic  propellers  of 
100%  blade  area  of  conventional  design  on 
supercavitating  propellers  give  a  reduction 
of  0-8%  in  thrust  and  a  reduction  of  2-4% 
in  efficiency.  This  effect  is  thus  rather 
small  but  very  significant  and  important 
according  to  the  results  of  a  number  of 
projects  tested  at  SSPA.  A  well  defined 
testtechnique  and  a  very  good  dynamometer 
is  however  necessary  in  order  to  measure 
this  effect. 
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*  In  the  preprints  it  was  misleadingly 
stated  20%  redaction  of  efficiency. 
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ABSTRACT 

The  behaviour  of  a  base-vented  hydro¬ 
foil  in  a  free  surface  channel  is  studied. 
The  flow  is  simulated  by  a  displacement  sur¬ 
face  outside  which  eddy  effects,  the  influ¬ 
ence  of  viscosity  and  air  comoressi bi 1 i ty 
are  neglected.  The  model  used  to  characte¬ 
rize  the  displacement,  surface  is  derived 
from  Michel's  model  and  takes  gravity  ef¬ 
fects  into  account.  The  theory  is  developed 
according  to  a  perturbation  method  which 
uses  two  small  parameters  :  €  to  which  foil 
thickness  and  incidence  are  proportional, 
and  /?  the  reciprocal  of  the  square  of 
Froude  number.  Unknown  variables  are  expres¬ 
sed  in  the  form  of  asymptotic  expansions 

X  *  X0  +  €  (xj  ♦  /3x;>  +  cr(e) 

where  coefficients  such  as  X?  depend  on  the 
shape  of  the  free  boundaries:  The  classical 
resolution  method  consists  in  transforming 
the  field  of  flow  into  a  half  plane,  but 
consideration  of  the  bottom  and  free  surfa¬ 
ce  leads  to  considerable  distorsions  which 
render  numerical  calculations  delicate  and 
requires  a  powerful  computer  (C.D.C.  6600, 
double  precision).  The  contribution  of  the 
free  surface  is  evaluated  after  studying 
its  asymptotic  bihaviour  at  infinity.  The 
wake  contribution  -hich  is  significant  in 
the  Oth-order  proolem  with  respect  to  /3  , 
vanishes  in  the  lst-order  problem.  The  sim¬ 
plifying  hypothesis  consisting  of  replacing 
the  wake  by  a  displacement  surface  is  thus 
justified.  Comparison  of  theoretical  with 
experimental  results  shows  fairly  good 
agreement  with  regard  to  : 

-  the  effect  of  the  ventilation  number 
K  on  forces  and  on  cavity  length  i 

-  the  variation  in  free  boundary  geo¬ 
metry  with  respect  to  angle  of  at¬ 


tack 

the  speed  effects. 


NOMENCLATURE 


length  of  chord  measured  on  lower  si¬ 
de  (C  =  l) 

function  characterizing  the  shape  of 
the  foil 

Froude  number  =  Um/vgC 
gravitational  acceleration  constant 
submergence  depth 

nominal  water  depth  in  the  test  sec¬ 
tion 

h  -  h,  j  2 

ventilation  number  =  ( Pc  -Pc)/^pUoo 

cx  /  e 

cavity  length 

pressure  on  the  free  surface 
Po  +  p  g  hj 
pressure  cavity 
free  stream  velocity 
components  of  the  speed 
=  components  of  the  perturbation 
speed  at  the  first  order 
,f,g  =  abscissae  of  the  points  B,C,0, 
F,G  in  the  auxiliary  t  plane 
ordinate  of  the  free  surface 
ordinate  of  the  cavity 
ordinate  of  the  wake  displacement 
surface 
attack  angle 
1  /Fr  2 

small  parameter  characterising  the 
thickness  of  the  foil 
density  of  water. 


INTRODUCTION 

While  a  great  deal  of  research  has 
been  carried  out  over  the  past  years  on 
supercavi tating  hydrofoils  with  unwetted 
upper  side,  the  same  cannot  be  said  for 
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base  vented  hydrofoils  which  have  received 
fairly  little  attention.  This  lack  of  inte¬ 
rest  would  seem  to  stem  from  the  fact  that 
the  first  test  made  with  these  foils  [l]  to 
[3]  indicated  problems  of  flow  stability 
and  cavitation  around  the  leading  edge.  In 
tact,  these  tests,  which  were  carried  out 
under  unsatisfactory  conditions,  are  not 
very  significant  and  can  hardly  be  used  as 
a  basis  for  understanding  how  a  base-vented 
foil  operates  under  real-life  conditions. 
More  recent  tests,  the  results  of  which  we¬ 
re  published  in  1979  [5]  and  1980  [6],  have 
shown  that  by  choosing  a  suitable  pressure 
distribution,  and  on  condition  that  a  wall- 
mounted  support  system  is  used,  thereby 
avoiding  the  presence  of  a  vertical  strut 
which  disturbs  the  flow  above  the  foil,  a 
stability  domain  at  high  speed  is  obtained, 
always  including  the  cav i ta ti on- f ree  area. 

It  is  the  development  of  cavitation  on  the 
upper  or  lower  side  of  the  foil  that  causes 
stalling.  Thus,  by  using  a  wall -mounted 
foil  of  aspect  ratio  2,  Rowe  obtained  a 
stability  domain  of  about  5  degrees  for  a 
cavitation  number  cr  equal  to  0.16.  As  far 
as  the  cavitation-free  area  is  concerned, 
its  extent  is  not  negligible  since,  for  a 
cavitation  number  of  0.19,  an  angular  devia¬ 
tion  of  the  order  of  1.7*  is  possible  undei 
two-dimensional  flow  conditions.  This  value 
is  slightly  greater  than  the  theoretical 
values  calculated  (~1.3'  -  See  ref  .  [4]  ,  [6] 
and  [7]).  Moreover,  in  view  of  the  fact 
that  the  middle  of  the  non-cavi ta t i ng  range 
coincides  almost  exactly  with  the  ideal 
angle  of  attack,  and  that  at  this  angle  of 
incidence  the  lift  of  the  foil  remains  ap¬ 
proximately  constant  regardless  of  the  ope¬ 
ration  conditions  (variation  in  ventilation 
number,  proximity  of  a  free  surface,  wall 
effect),  it  is  to  be  expected  that  base- 
vented  hydrofoils  could  in  practice  be  used 
in  certain  cases. 

The  detailed  study  of  operation  of 
such  a  foil  is  not  therefore  without  inte¬ 
rest.  However,  this  study  raises  a  certain 
number  of  specific  problems  which  are  not 
encountered  in  the  study  of  supercavitatir.g 
hydrofoils  with  unwetted  upper  side.  For 
example,  in  the  case  of  tests  conducted  in 
a  tunnel ,  the  correct  measurement  of  the 
cavitation-free  area  requires  special  pre¬ 
cautions  in  order  to  be  sure  of  constant 
air  content  in  the  upstream  flow.  Moreover, 
the  fact  that  the  foil  is  held  by  a  strut 
promotes  separation  of  the  boundary  layer 
over  the  foil  by  causing  the  air  in  the 
cavity  to  rise,  thereby  modifying  the  value 
of  the  pressure  coefficient.  Kith  a  supcr- 
cavitating  hydrofoil,  this  defect  is  no 
longer  apparent  since  the  lower  part  of  the 
strut  that  penetrates  the  cavity,  and  the 
upper  side  of  the  foil,  are  at  a  pressure 
known  in  advance.  Other  difficulties  are 
encountered  from  the  theoretical  standpoint: 
the  calculation  must  be  non-linear,  at  least 
in  the  region  of  the  leading  edge.  Mow  the 
non-linear  theory  proposed  by  FURUYA  [8] 
for  supercavitating  hydrofoils  with  unwet¬ 
ted  upper  side  falls  into  the  case  of  base 


vented  hydrofoils.  The  model  must  be  capa¬ 
ble  of  restoring  a  geometry  which  is  as 
close  as  possible  to  reality  in  order  to 
take  into  account  as  accurately  as  possible 
the  effect  of  the  boundaries  which  limit 
the  field  of  flow.  This  condition  is  parti¬ 
cularly  crucial  when  the  foil  is  placed  in 
a  liquid  with  free  surface  since,  in  such 
a  case  the  deformation  of  this  surface,  di¬ 
rectly  related  to  the  cavity  deformation, 
may  induce  a  considerable  angle  of  attack. 
Kith  a  supercavitating  hydrofoil,  the  limi¬ 
tation  is  not  as  severe  since  the  pressure 
acting  on  the  upper  side  of  the  foil  is 
known  and,  in  addition,  the  slope  dC|_/dcx 
is  half  that  of  a  base  vented  hydrofoil. 
Thus,  the  same  error  made  on  the  value  of 
induced  angle  of  incidence  fla  halves  the 
error  in  lift  in  the  case  of  a  supercavita- 
ti nq  foil. 

In  the  following  paragraphs,  the  beha¬ 
viour  of  a  base  vented  foil  placed  in  a 
free-surface  canal  is  examined  in  detail. 
From  ti.e  practical  point  of  view,  this  is 
perhaps  the  most  interesting  case  since  it 
allows  consideration  to  be  given  to  both 
tests  in  a  t owing  tank  and  tes  *  s  in  a  free- 
surface  water  tunnel.  Three  points  are  exa¬ 
mined  : 

-  the  effect  of  ventilation  number  on 
forces  a no  on  the  shape  of  free 
boundaries 

-  the  effect  of  a  change  in  the  angle 
of  attack 

-  the  effect  of  speed. 

This  study  is  based  on  the  use  of 
Michel's  model  [9],  previously  presented 
by  Rowe  and  Kueny  [6],  and  modified  to  make 
allowance  to  gravity  effects.  A  number  of 
details  on  the  calculation  method  are  given 
below,  then  the  theoretical  results  are 
compared  with  the  experimental  results  pu 
bl  ished  in  [S]  and  [6] . 

I.  CALCULAT ION  METHOD 

The  foil,  with  lower  chord  equal  to 
unity,  is  placed  in  a  channel  at  an  immer¬ 
sion  depth  hj  (Figure  1).  The  depth  of  wa¬ 
ter  in  the  channel  at  infinity  upstream  is 


-y--«r(.  ) 


FIGURE  1  Coofi^arctjon  of  tr*  flc» 

h.+h?.  The  foil  is  followed  by  a  cavity 
wftose  length  measured  from  the  rear  of^the 
lower  side  of  the  foil  has  a  value  of 
and  a  wake  assumed  to  extend  to  infinity. 
The  shape  of  the  foil,  previously  described 
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by  Rowe  [5]  is  defined  with  regard  to  the 
axis  ux',  Uy'  by  the  relationship  y‘=eF(x'} 
where  e  is  a  small  parameter  characterising 
the  thickness  of  the  foil  and  F  a  function 
of  order  unity,  except  near  the  leading 
edge,  wnich  characterizes  the  shape  of  the 
foil.  The  angle  of  attack  is  characterized 
by  number  k  such  that  cx  =(Ux',0y‘)=  ek . 
is  taken  to  be  the  reciprocal  of  the  square 
of  the  Froude  number,  defined  by  choosing 
as  characteristic  length  the  length  of  the 
lower  chord  of  the  foil  : 


r  „  lb./?.,*  »*-</■ 


_ 5 


P  *  9  I  Va  (1) 

g  is  the  acceleration  due  to  gravity,  and 
Uq,  the  flow  speed  at  upstream  infinity. The 
ventilation  number  is  designated  by  K  : 

K  =  (P«  -  Pc)/|  pvj  (2) 

On  the  cut  representing  the  limit  position 
of  the  cavity,  when  e  — 0.  the  cavity 
length  /being  maintained  constant  wnatever 
the  value  of  small  parameter  e  ,  the  condi¬ 
tion  :  limit  Pc  =  ‘imposes: 

limit  K  =  0  ,  a .  ,, 

l  fixed  <  «  -  0)  >3! 


r!Gu»E  2  c  Gto*n«iry  cottesponc'kg  to  tnt  za o  <xcer  tf»  < 


When  e  is  not  2ero,  for  the  assumed 
constant  cavity  length  considered,  ventila¬ 
tion  number  K  is  a  function  of  €  .  The 

flow  is  then  disturbed  by  the  presence  of 
the  foil  followed  by  its  cavity  and  wake. 

For  a  previously  imposed  geometry,  i.e.. 
for  fixed  values  of  hj,  h?,  /  and  K,  and  a 
given  function  F,  the  other  values  charac¬ 
terizing  the  flow  are  expressed  in  terms  of 
the  parameter  €  .  It  can  easily  be  verified 
that  these  values  allow  ihe  following  asymp¬ 
totic  expansions  : 

U/Uo,  =  1  *  e  u,  -  cr  ( e ) 


=  hr  * 


cr  ( e ) 


yc  --  «yc]  *  <r  («) 

K  =  €Kj  -  cr(e) 

the  problem  can  be  considered  as  solved  if 
coefficients  Uj,  v.,  y^.,  y  ,,  K,  can  be 
calculated.  The  first  of dertol ution  of  the 
problem  ir.  €  is  obtained  by  applying  the 
first-order  boundary  conditions  tv  the  flow 
boundaries  corresponding  to  zero  order 
(Figure  2a).  The  conditions  of  steady  flow, 
incompressibility,  *rrotational ity  and 
inviscidity  are  not  satisfied  in  the  wake. 
As  the  perturbation  produced  by  this  wake 
cannot  be  neglected,  the  difficulty  is 
overcome  by  assuming  that  there  are  two 
completely  distinct  areas  behind  the  cavi¬ 
ty,  marked  by  a  line  representing  a  surface 
close  to  infinity,  outside  which  the  pre- 
ceeding  conditions  are  satisfied.  This  sur¬ 
face  is  identified  with  the  displacement 
surface  of  the  wake  whose  unknown  shape  is 
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expressed  in  the  form  of  the  expansion 

ys  :  eys!  *  Flf)  (5) 

the  displacement  surface  is  defined  by  adop¬ 
ting  the  benaviour  law  : 

.  x  -  (/+ 1 ) 

c,  ■».[«, 

where  pL  and  v  are  two  free  parameters, 
and  9,  is  a  parameter  which  is  calculated 
in  view  of  the  conditions  adopted  to  close 
the  problem  : 

-  zero  perturbation  at  infinity 
uDStream 

-  integraole  singularity  at  the  leading 
edge 

-  pressure  continuity  at  tr.e  trailing 
edges  of  the  foil 

-  zero  perturbation  at  infinity  down¬ 
stream 

-  zero  thickness  of  the  displacement 
surface  at  infinity  downstream. 

Outside  the  surface  corresponding  to  the 
foil,  its  cavity  and  wake,  perturbation 
speed  Wj  =  u,  -  iv,  is  a  harmonic  function 
because  it  satisfies  the  hypothesis  of  irro- 
tationality  and  incompressibility  of  a  per¬ 
fect  fluid.  It  also  satisfies  the  boundary 
conditions  represented  on  figure  2a.  These 
conditions  bring  into  play  the  Froude  num¬ 
ber  and  the  shape  of  the  cavity  and  the  free 
surface.  Since  y£,  and  y  ,  are  unknown, 
the  variables  are  calculated  firstof  all  by 
assuming  u,=0  on  the  free  surface,  and 
u,  =  Kj/2  on  the  cavity,  the.)  the  perturba¬ 
tion  d*  ■  to  gravity  is  calculated  by  assu¬ 
ming  that  the  previously  calculated  varia¬ 
bles  yg,  and  y  ,  are  correct  values.  Thus 
successive  solutions  have  to  be  found  to 
two  mixed  boundary  condition  Hilbert  pro- 
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blems  which  are  dealt  with  by  the  classical 
method.  In  the  following,  b,  c,  d,  f,  g 
designate  the  absrissae  of  the  points  B,C, 
D,F,G  in  the  auxiliary  plane  t=r+is  (Figure 
2b).  Since  bottom  and  free  surface  effects 
are  taken  into  account,  considerable  dis- 
torsions  are  introduced  into  the  calcula¬ 
tion  plane  t  (for  example,  length  of  the 
upper  wake  image  CB  in  the  calculation  pla¬ 
ne  =  10"14  for  hj  =  1,  h->=4,  /=10)  which 
makes  the  numerical  calculation  both  long 
and  difficult,  thereby  requiring  the  use 
of  a  high-capacity  computer  (COC  6600  in 
double  precision).  It  is  for  this  reason 
that  no  attempt  was  made  to  determine  the 
exact  shape  of  the  free  boundaries  taking 
gravity  into  account.  The  contribution  of 
the  wake,  a  significant  factor  in  the  gra¬ 
vity  free  problem,  does  not  appear  in  the 
second  problem.  The  simplifying  hypothesis 
whereby  the  wake  boundary  is  represented 
by  a  displacement  surface  is  thus  justi¬ 
fied.  The  calculation  method,  whicn  con¬ 
sists  in  calculating  the  gravity  effect 
on  the  basis  of  a  gravity  free  solution, 

'•s  justified  by  the  fact  that,  for  this 
problem,  the  behaviour  of  the  free  surface 
is  realistic  for  the  hypothetical  case  of 
supercritical  flow.  Thus,  the  free  Surface 
is  calculated  as  a  jet  line  ar.d  cannot 
oscillate  downstream  of  the  obstacle.  The 
value  of  the  depth  of  water  at  downstream 
infinity  is  taken  equal  to  h,+h~,  which  is 
justifiable  in  view  of  the  above-mentioned 
restriction.  The  effect  of  the  free  surface 
is  calculated  by  making  an  analytical  study 
Gf  its  asymptotic  behaviour  at  infinity. 
This  study  is  important  as  the  convergence 
of  the  integrals  in  the  second  problem  de¬ 
pends  on  the  manner  in  which  y^ ,  —  0.  The 
expansion  of  y£.  to  infinity  depends  on 
the  position  of1the  foil  in  the  channel. 

The  calculations  were  made  for  the  case  of 
P=hj/fJ-Z  <  1.  The  shape  of  the  free  surface 
is  obtained  for  the  entire  domain  by  mat¬ 
ching  the  numerical  solution  calculated  at 
finite  distance,  and  the  asymptotic  solu¬ 
tion  in  a  suitably  chosen  auxiliary  plane. 
The  asymptotic  solution  at  infinity  is  of 
the  following  form  : 

-  at  upstream  infinity  y;,  ~  ^ / 2 ( h j  ■  h 2 ) 

-x'/  (7> 

-  at  downstream  infinity  y£j —  Be 

where  coefficients  'A>  and  B  depend  on  the 
wake  boundary  behaviour  law  [6]. 

Of  course,  a  singularity  appears  at 
the  leading  edge  since  the  tangent  to  the 
foil  at  this  point  has  infinite  slope. 

The  solution  is  then  regularised  according 
to  the  previously  described  technique  [7] . 
Taking  into  account  the  conventional  sym- 
bolt  as  defined  in  the  appendix  as  well  as 
in  [6],  the  un-'forroly  valid  solution  of 
the  problem  with  gravity  is  : 
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( 00) ^  correspond  to  tne  problem  without 
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Quantities  D ,R,S 1 ,T ■  ,$“  ,S*  ,  ( ! 1 ) ,  { 12) ,  (SI ) . 
(Tl)  have  been  defined  in  [6]. 

Quantities  ( P3) , (P4 ) , ( 15 ) , ( 16)  are  defined 
in  appendix. 

2.  EFFECT  OF  THE  V£ XT  HAT  I  Oh  NUMBER 

Altmann  and  data  [lO]  showed  for  the 
first  time  in  19C7  that  the  lift  of  a  base- 
vented  hydrofoil  placed  neir  a  free  surface 
depends  on  the  ventilation  number.  These 
autnors  showed  that  when  K -*•  0,  lift  increa¬ 
ses.  An  explanation  of  this  argument  was 
given  by  Rowe  {  [4]  and  [7])  who  also  found 
that,  before  increasing,  lift  starts  by 
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decreasing.  The  reasons  for  this  initial 
decrease  are  still  not  very  clear  since, 
when  the  length  of  the  wetted  part  of  the 
upper  side  of  the  foil  is  equal  to  the 
length  of  the  lower  side,  the  theory  no 
longer  agrees  with  experimental  results. 

In  this  case,  the  effect  of  pressure  acting 
on  the  rear  part  of  the  foil  becomes  diffi¬ 
cult  to  analyse,  and  the  loss  in  lift  that 
is  observed  [4]  is  not  a  trivial  result. 

The  theoretical  results  presented  in 
th°  present  paragraph  have  been  obtained 
with  gravity  effects  neqlected.  The  results 
obtained  in  high  speed  experiments  (Fr  = 
11.19)  are  compared  with  these  theoretical 
results.  The  curves  marked  S  correspond 
to  the  double  spiral  vortex  model  proposed 
by  Tulin.  S,  corresponds  to  the  model  pre¬ 
sented  here,  in  which  the  following  values 
were  given  to  fx  and  v  : 


! S, )  —  fi  --  1 


2/  =  0 


F rom  figure  3,  it  is  clear  that  this 
model  gives  a  value  of  the  lift  coeffi¬ 
cient  much  closer  to  reality  than  that  ob¬ 
tained  with  SQ.  However,  in  the  case  of 
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small  values  of  K,  the  lift  coefficient 
is  overvalued  As  will  be  seen  below,  and 
despite  the  fact  that  the  Froude  number  is 
nigh,  the  difference  can  be  oartly  explai¬ 
ned  by  a  gravity  effect.  Figure  4  shows  a 
very  good  agreement  between  experimental 
and  theoretical  results  for  the  drag.  The 
reason  is  that  near  the  ideal  angle  of 
attack,  the  drag  var.es  very  little.  The¬ 
refore,  it  is  not  sensible  to  the  inci¬ 
dence  effect  induced  by  the  free  surface 
and  the  model's  deficiencies  are  not 
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obvious.  Figure  5  shows  that  the  cavity 
length  foreseen  by  the  model  S]  is  slightly 
too  short  in  the  case  of  small  values  of  K . 
Figures  6  and  7  represent  the  free  bounda¬ 
ries  that  are  obtained  with  this  model. 
Figure  6  also  shows  that  when  cavity  length 
increases,  its  thickness  increases  to  the 
rear  in  a  seemingly  exaggerated  manner.  By 
changing  the  values  of  p  and  v  ,  very  dif¬ 
ferent  downstream  behaviour  is  obtained 
(Figure  8).  The  corresponding  model  is  de¬ 
signated  by  S2  : 

(S2)  -  fi  =  7  ;  V  =  6  (14) 

By  calculating  foil  lift  with  S2,  a 
value  nearly  identical  with  that  corres¬ 
ponding  to  tha  '  model  is  obtained  (See 
Figure  13,  /?  =  >.  This  is  because  the 

slope  of  the  ft  2  surface  in  the  proximity 
of  the  foil  is  practically  the  same  in  both 
models  (K  fixed). 

3.  EFFECT  OF  A  CHANGE  IN  ANGLE  OF  ATTACK 

The  behaviour  of  the  foil  ano  the  ca¬ 
vity  when  the  angle  of  incidence  increases 
is  studied.  By  reason  of  the  procedure  used 
to  inject  air  into  the  cavity  (See  Ref  f4] 
and  [5]),  this  behaviour  can  oe  studied 
with  a  fixed  air  flow  rate.  When  the  cavity 
is  long  and  the  angle  of  attack  not  toolar- 
ge,  a  small  variation  in  this  angle  has 
practically  no  effect  on  the  pressure  in 
the  cavity.  The  cavity  shortens  and  the 
same  result  as  tnat  shown  on  Figures  9  and 
TO  is  found.  When  the  cavity  is  short,  the 
pressure  within  varies  more  rapidly,  and 
it  is  difficult  to  keep  it  constant  by 
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varying  the  airflow  because  of  the  pulsing 
effect  of  the  cavity.  Any  comparison  with 
theory  then  becomes  'llusory.  A  valid  asses¬ 
sment  of  the  ventilation  problem  would  ne¬ 
cessitate  a  special  study,  and  this  goes 
beyond  the  limits  of  this  study.  From  the 
tests  carried  out,  some  general  ideas  can 
be  niven  : 

-  the  variation  in  the  cavity  length  affec¬ 
ted  by  modification  in  angle  of  attack  is 
largely  due  to  the  change  in  the  kinetic 
conditions  of  the  flow.  This  is  confirmed 
by  the  calculations  although  the  condi¬ 
tions  are  not  exactly  the  same. 

-  this  va  r i o  t i on  is  also  due  to  the  fact 
that  the  change  in  angle  of  attack  modi¬ 
fies  the  conditions  in  which  the  air  is 
evacuated  with  the  flow.  Tnus,  for  a  fi¬ 
xed  air  flow,  if  the  angle  of  attack  be¬ 
comes  large,  the  air  in  the  cavity  eva¬ 
cuates  much  more  easily  ;  in  this  way, 
the  pressure  in  the  cavity  decreases  and 
so  does  its  length.  It  seems  that  a  rapid 
decrease  in  the  cavity  pressure  is  always 
observed  when  cavitation  appears  at  lea¬ 
ding  edge.  Af  <(:?  same  feme,  a  sudden 
shcxtsnuig  e <  the  cavitij  is  ebsewed . 

This  is  explained  by  the  fact  that,  after 
the  onset  of  cavitation  at  the  leading 
edge,  the  interface  of  the  cavity  becomes 
very  turbulent  and  permeable,  which  con¬ 
sequently  favours  air  entrainment. 

According  to  figure  10,  a  point  would 
seem  to  exist  on  the  free  surface  such  that 
its  position  is  independent  of  the  angle  of 
incidence.  The  result  observed  numerically 
has  not  been  demonstrated  analytically.  It 
may  perhaps  be  explained  by  linearisation 
of  the  problem. 

A.  IFFECT  OF  SPEED 

it  has  generally  beer,  assumed  that  this 
effect  was  due  to  gravity  effects.  Parkin 
[l l]  .  ’ylin  [l?]  and  Street  [!3j  have 


FIGURE  10  fciftomee  c?  tr*  of  sitae*  ©a  ih*  !©*  TCrn&cttea  notafctr  K  «  O  0^59 


I Si 


indeed  shown  that  gravity  can  introduce  si¬ 
gnificant  variations  in  forces,  while  at 
the  same  time  modifying  the  shape  of  the 
free  boundaries.  From  the  theoretical  point 
of  view,  however,  up  till  now  no  study  has 
been  carried  out  taking  into  account  both 
the  free  surface  and  the  gravi  ty  ..effects . 

In  the  experimental  field,  Altmann  and 
Elata  have  made  a  number  of  systematic 
tests  with  a  supercavitating  wedge  section, 
and  they  have  obtained  significant  force 
variations.  Previous  tests  made  with  base- 
vented  sections  do  not  allow  any  concrete 
conclusions  to  be  drawn. 

Figure  11  shows  the  variation  in  cavi¬ 
ty  length  plotted  against  ventilation  num¬ 
ber  for  different  values  of  the  Froude 
number.  It  can  be  seen  that  for  the  tests 
corresponding  to  >S  =  0.008,  excellent 
agreement  with  the  S2  model  is  obtained 
and  this  cannot  be  considered  as  pure  luck 
since  the  coefficients  fi  and  v  were 
adjusted  to  this  effect.  Even  more  inte¬ 
resting  is  the  change  in  results  when  /3 
increases.  For  example,  when  /3  =  0.05, 
there  is  no  longer  agreement  with  experi¬ 
mental  results.  On  the  other  hand,  at  this 
speed,  if  the  Sj  model  is  used  to  calcula¬ 
te  the  effect  of  gravity,  excellent  agree¬ 
ment  between  theoretical  and  experimental 
results  is  once  more  obtained.  On  the  ba¬ 
sis  of  these  results,  it  can  be  assumed 
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FI6URE  11 .  Influence  of  the  speed  on  the  cavity  length. 


that  speed  has  an  effect  on  the  flow,  not 
only  through  direct  gravity  effects,  but 
also  through  a  wake  effect  which  is  itself 
influenced  by  gravity  as  well  as  by  uniden¬ 
tified  dimensionless  parameters  dependent 
upon  speed.  In  order  to  harmonise  the  re¬ 
sults  obtained  at  /3  =  0.008  and  at  (3  =  0.05 
the  value  of  coefficients  fj.  and  v  can  be 
varied  in  relation  to  /3  according  to  the 
following  relations  : 


(S*)  jjL  -  0.04//3  l/=  0.04//3  -1  (15) 


thus  giving  the  model  S*  1 


Cp  =  2e 


i  +  1  -  x 
1  +  25/3  0-1) 
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From  a  practical  point  of  view,  the  neces¬ 
sity  of  using  a  type  (16)  law,  dependent 
on  speed,  to  start  off  the  calculation  of 
free  lines,  means  that  the  slower  the  speed 
the  more  the  model  must  give  a  thick  cavity 
at  infinite  Froude  number .  This  is  quite 
coherent  with  the  fact  that  the  effect  of 
gravity  is  to  close  the  cavity. 

Figure  12  shows  what  is  obtained  with 
/3  =  0.089  using  this  new  model.  It  can  be 
seen  that  the  results  are  in  very  good 
agreement  with  experimental  results.  Thus, 
the  model  S*  provides  a  good  description 
of  the  flow  for  a  Froude  number  range  of 
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FIG  13  .  Effect  of  transverse  gravity  field  on  relation  between  lift  coefficient  and  ventilation  number 
Comparison  of  the  laws  Sj  and  $2 


three  to  infinity.  It  would  be  tempting  to 
use  this  model  now  to  study  the  effect  of 
gravity  on  forces.  However,  such  a  study 
may  seem  a  little  artificial  as  the  model 
S*  is  derived  from  a  parametric  adjustment. 
If  the  gravity  effects  on  the  lift  that  are 
obtained  with  the  two  models  Si  and  S2  are 
then  compared  (see  figure  13),  it  is  found 
that  these  models  give  almost  the  same  re¬ 
sults.  This  is  mainly  because  of  the  fact 
that  the  contribution  of  that  part  of  the 
free  surface  downstream  of  the  cavity  is 
almost  negligible  compared  with  the  contri¬ 
bution  of  that  part  located  above  the  foil 
and  cavity.  Thus,  despite  the  fact  that  for 
the  two  models  Si  and  S2  the  contribution 
of  the  downstream  part  of  the  free  surface 
is  very  different,  in  neither  case  does 
this  contribution  count  for  very  much.  To 
calculate  the  effect  of  gravity  on  lift, 
only  the  model  S2  was  used,  in  the  knowled¬ 
ge  that  the  model  S*  would  give  very  simi¬ 
lar  results.  Figure  14  shows  that  the  cal¬ 
culated  reduction  in  lift  due  to  gravity 
effects  is  very  close  to  the  reduction  in 
lift  observed  experimentally,  at  least  for 
small  ventilation  numbers.  When  the  venti¬ 
lation  number  is  high,  the  theoretical  and 
experimental  results  do  not  agree,  but  it 
has  already  been  indicated  that  when  the 
cavity  is  small,  the  theory  seems  to  have 
a  number  of  failings.  In  addition,  it  seems 
that,  in  this  case,  the  upper  boundary  of 
the  cavity  tends  to  wet  the  rear  part  of 
the  foil.  After  having  taken  into  account 
the  gravity  effect,  there  is  still  a  very 
slight  difference  between  theoretical  and 
experimental  results,  even  for  low  values 
of  ventilation  number.  This  difference, 
expressed  as  an  angle  of  attack,  represents 


an  angular  shift  of  less  than  six  minutes. 
This  shift  can  be  explained  by  experimental 
error.  For  example,  the  three-dimensional 
effects  caused  by  the  side  walls  may  indu¬ 
ce  an  angle  of  attack. 

CONCLUSIONS 


In  order  to  be  able  to  make  a  correct 
forecast  of  the  forces  acting  on  a  base- 
vented  hydrofoil,  the  following  experimen¬ 
tal  and  theoretical  conditions  are  needed  : 

a)  From  the  experimental  standpoint, 
use  a  wal 1 -mounting  system  for  the 
foil  to  avoid  the  presence  of  a 
support  strut  which  disturbes  flow 
around  the  foil. 

b)  The  theory  must  take  into  account 
the  free  surface,  the  bottom  of  the 
test  section,  the  cavity  and  the 
cavity  wake.  For  long  cavities,  it 
is  also  necessary  to  make  allowance 
for  the  gravity  effect,  even  at  high 
speed. 

Independently  of  the  gravity  effect,  the 
flow  rate  would  seem  to  have  an  effect  on 
law  J^[ K) .  This  effect  is  probably  linked  to 
mechanisms  which  do  not  come  within  the 
scope  of  the  present  study. 
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Discussion 


O.  Furuya  (Teira  Tech.) 

According  to  the  lift  data  obtained 
from  the  experiment  shown  in  Fig. 3,  the 
lift-to-drag  (L/D)  ratio  of  the  base-venti¬ 
lated  hydrofoil  is  only  in  a  range  of  6  to 
10.  On  the  other  hand,  this  value  can 
easily  reach  20  for  the  supercavitating 
hydrofoil  having  the  sharp  leading  edge  and 
10  even  for  that  with  leading  edge  radius 
of  0.5%  chord  1).  It  is  understood  that 
many  hydrodynamic  and  structural  limitations 
exist  for  the  former  type  of  foil  in  order 
to  keep  the  upper  foil  portion  wetted, 
whereas  for  the  latter  no  such  limitations 
are  designers'  concern.  I  would  like  to 
know,  therefore,  if  the  authors  have  tested 
such  a  foil  that  will  provide  a  higher  L/D 
value  and  can  still  maintain  the  upper 
portion  of  the  foil  fully  wetted.  If  this 
is  not.  possible,  what  is  the  reason  for 
using  such  a  lifting  device  which  is  more 
vulnerable  to  the  flow  environment  than 
supercavitating  foils  ? 

The  second  question  goes  to  the  compari¬ 
son  of  lift  data  between  the  experiment  and 
theory.  When  the  authors  used  the  double¬ 
spiral  vortex  model,  the  apparent  discrepancy 
existed  over  a  complete  range  of  cavitation 
number  (see  Fig. 3).  The  authors  modified  the 
flow  model  by  introducing  a  continuously 
changing  pressure  distribution  from  fhe  cavi¬ 
ty  end  point  to  the  downstream  infinity.  The 
amplitude  and  slope  of  pressure  change  were 
arbitrarily  determined  by  two  free  parameters 
V  and  v.  They  demonstrated  in  Fig.  3  that, 
with  u  =  1  and  v  =  0  chosen,  a  better  agree¬ 
ment  between  the  theory  and  experiment  was 
obtained  for  large  ventilation  numbers  K 
but  not  for  smaller  K's. 

This  fact  is  quite  easily  understood 
if  one  pays  attention  to  the  cavity  length. 

By  changing  the  velocity  distribution  or. 
the  wake,  it  is  possible  to  influence  the 
flow  around  the  foil  if  the  cavity  length 
is  short  (or  for  larger  ventilation  numbers) 
but  such  effect  diminishes  as  the  cavity 
length  becomes  longer  (or  for  smaller  K's). 

A  question  now  arises  as  to  the  current 
theory's  inability  in  accurately  predicting 
the  lift  force  for  the  smaller  K's  cases. 

It  is  a  well-known  fact  that  the  analytical 
result  for  the  cavitating  flow  is  insensi¬ 
tive  to  the  selection  of  type  of  wake  model 
if  the  cavity  length  is  large  (or  smaller 
K's).  If  there  is  a  theory  which  is  unable 
to  predict  the  force  coefficient  accurately 
for  smaller  K's,  one  should  realize  that 
such  a  theory  must  have  an  inherent  defi¬ 
ciency  in  its  force  prediction  capability. 

It  seems  to  me  that  the  modification  of  the 
wake  velocity  with  arbitrary  amplitude  ,and 
decay  factors  is  just  an  ad-hoc  remedy  !but 
not  an  essential  one. 

\s  found  in  our  computations  2) 
an?  it  the  nonlinear  theory  with  double¬ 


spiral  vortex  model  predicted  accurate  force 
coefficients  for  supercavitating  hydrofoils 
under  a  free  surface  over  a  wide  range  of 
cavitation  parameters.  It  is  my  suspicion 
that  there  might  exist  a  limitation  of  the 
linearized  theory  for  this  type  of  base- 
ventilated  flow  near  a  free  surface.  I 
would  like  to  ask  the  authors  if  they  intend 
to  apply  the  nonlinear  theory  to  the  present 
title  problem  in  the  near  future. 
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Author’s  Reply 


A.ft.  Rowe  "  «  Grenoble) 

The  first  question  of  Dr .Furuya  has 
three  reply  elements. 

First  element  :  When  we  have  begun  to  study 
base  vented  foils  with  wetted  upper-sides, 
many  studies  had  been  developed  concerning 
supercavitating  foils  with  unwetted  upper- 
sides.  On  the  other  hand,  only  fev;  infor¬ 
mation  was  existing  concerning  base  vented 
foils.  It  looked  interesting  to  have  more 
information. 

Second  element  :  If  a  flap  is  added  on  the 
rear  part  of  a  base-vented  foil,  it  is  easy 
to  obtain  a  good  subcavitatir.g  foil.  With 
a  true  supercavitating  foil  this  is  more 
difficult. 

Third  element  :  The  results  presented  on 
Fig. 3  correspond  to  an  angle  of  attack  of 
zero  degree.  In  those  conditions,  the  flow 
is  not  well  adopted.  At  the  ideal  angle  of 
attack,  the  lift  coefficient  reaches  the 
0.19  value  and  the  lift  to  drag  ratio  is 
of  the  order  of  17  for  the  ventilation 
number  0.025  (see  Ref . [6] ) . 

The  second  question  is  very  interest¬ 
ing;  in  fact,  it  is  the  reason  why  we  have 
developed  this  study.  As  at  low  ventila¬ 
tion  number  theoretical  model  gives  all  the 
same  results,  we  have  thought  that  the 
gravity  effects  could  explain  the  gap  ob¬ 
served.  This  point  of  view  seemed  justified 
because  when  the  ventilation  number  is  low. 
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the  characteristic  length  to  take  into 
account  to  calculate  the  Froude  number  is 
the  chord  plus  the  cavity  length.  So  at 
10  m/s,  for  K  =  0.025,  the  cavity  length 
is  7  and  the  characteristic  Froude  number 
is  only  3.9.  In  fact,  the  calculation  shows 
that  the  gap  observed  becomes  ACj,  =  0.008 
when  we  take  into  account  the  gravity  ef¬ 
fect.  This  ACl  =  0.008  corresponds  to  Aa^S1, 
which  is  very  small.  I  think  that  this 
Aa  -  5*  is  not  due  to  the  linearized  theory. 
In  fact,  this  theory  is  well  adapted  to 
base  vented  foils  which  always  are  used 
with  very  little  angle  of  attack.  On  the 
contrary,  it  is  quite  possible  that  the  ex¬ 
perimental  conditions  give  a  discrepancy  of 


this  order  :  influence  of  the  side  walls 
giving  three-dimensional  effects  is  not 
negligible  as  well  as  influence  of  the  levei 
of  turbulence  of  the  tunnel,  measurement  of 
the  true  geometrical  angle  of  attack.  It 
is  much  easier  to  test  true  supercavitating 
hydrofoils  :  as  the  flow  is  very  perturbed 
the  causes  of  error  are  minimized.  Moreover 
for  the  same  Aa,  the  A Cl  is  twice  more 
little  with  a  true  supercavitating  hydro¬ 
foil.  Concerning  the  last  point,  a  numeri¬ 
cal  non  linear  method  has  been  developed, 
the  method  is  very  efficient,  but  it  is 
difficult  to  compare  because  the  closure 
conditions  are  not  the  same.  We  will  try 
in  the  next  future. 
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ABSTRACT 

Boundary  layer  and  cavitation  phenom¬ 
ena  or  two  hydrofoils  are  studied  in  a  high 
speed  water  tunnel  provided  with  a  rectan¬ 
gular  test  section.  The  boundary  layer  is 
visualized  with  a  tracer,  using  an  in-line 
holographic  technique.  Depending  on  the 
Reynolds  number  and  angle  of  attack,  typi¬ 
cal  boundary  layer  phenomena  are  observed, 
such  as  laminar  separation  at  the  leading 
edge  or  downstream,  transition  to  turbu¬ 
lence  of  the'separated  shear  layer  with  or 
without  reattachment,  and  transition  to 
turbulence  of  the  laminar  boundary  layer. 
Cavitation  phenomena  are  studied  visually, 
photographically  and  by  means  of  in-line 
holography.  It  is  found  that  the  appearance 
of  cavitation  on  both  hydrofoils,  such  as 
sheet,  bubble  and  cloud  cavitation,  is 
related  to  the  viscous  flow  behaviour. 

NOMENCLATURE 

C-s  Pressure  coefficient 
c;  Minimum  pressure  coefficient 
kmin 

Q 

PT  Pressure  coefficient  at  transition 
P  Static  pressure 

PQ  Undisturbed  static  pressure  in  test 
°  section 

P  .  Minimum  static  pressure 
P™  Vapour  pressure 

Re  Reynolds  number 

V  Undisturbed  free  stream  velocity  in 

test  section 

c  -  Chord  length  of  hydrofo4l 
x  Distance  along  chord 

xc  Position  of  leading  edge  of  cavity 

Xg  Position  of  laminar  separation 

x_  Position  of  transition 


a  Angle  of  attack 

u  Zero  lift  angle  of  attack 

v°  Kinematic  viscosity 

p  Liquid  density 

c  Cavitation  number 

Oj:  Incipient  cavitation  number 

o^j  Desinent  cavitation  number 

1.  INTRODUCTION 

During  the  past  decade,  several  studies 
have  been  devoted  to  the  relationship  be¬ 
tween  the  boundary  layer  flow  about  ax i sym¬ 
metric  bodies  and  cavitation.  Using  the 
Schlieren  method  for  boundary  layer  flow 
visualization,  Arakeri  and  Acosta  [lj  were 
able  to  relate  cavitation  inception  on  a 
hemispherical  nose  with  the  oc<nrrence  of  a 
laminar  separation  bubble.  Further  studies 
by  Van  der  Meulen  [2,  3 j ,  Gates  [4]  and 
Gates  and  Acosta  [S]  revealed  the  influence 
of  polymer  additives  on  laminar  flow  sepa¬ 
ration,  and  hence  on  cavitation.  Arakeri  and 
Acosta  [6]  classified  axisymmetric  bodies 
into  four  groups,  depending  on  the  viscous 
flow  behaviour.  In  each  group  characteristic 
types  of  cavitation  are  found.  The  authors 
indicated  similarities  with  practical  flow 
situations.  Most  applications,  however, 
refer  to  the  flow  about  foil  sections.  It 
may  be  inferred  that  the  viscous  flow  about 
foil  sections  is  related  with  the  section 
shape,  the  angle  of  attack  and  the  Reynolds 
number.  It  seems  questionable  whether  all 
viscous  flow  regimes  found  on  hydrofoils  are 
found  also  on  axisymmetric  bodies.  Therefore, 
a  classification  into  groups  can  better  be 
based  on  hydrofoils. 

The  aerodynamics  of  wing  sections  has 
been  studied  at  great  length.  Studies  of  the 
boundary  layer  flow  are  mainly  concerned 
with  the  influence  on  lift  and  drag  forces. 


pl'i’iiKIHIi . 


In  general,  these  studies  do  not  provide 
adequate  data  that  can  be  readily  used  for 
corresponding  cavitation  studies.  This  im¬ 
plies  that  the  relationship  between  viscous 
effects  and  cavitation  on  hydrofoils  can 
only  be  assessed  by  performing  both  flow 
visualization  and  cavitation  experiments. 

A  first  and  important  example  of  this 
approach  is  due  to  Casey  [7] .  He  measured 
the  position  of  a  laminar  separation  bubble 
on  a  NACA  0015  hydrofoil  in  a  wide  range  of 
angles  of  attack  by  means  of  an  oil-film 
technique.  This  position  was  compared  with 
the  position  of  the  leading  edge  of  at¬ 
tached  cavities  at  inception  and  an  excel¬ 
lent  agreement  was  found.  Similar  experi¬ 
ments  were  made  by  31ake,  Kolpert  and  Geib 
j_8j  with  a  Liebeck  N112  hydrofoil.  For  the 
untripped  hycrofoil  the  position  of  (at¬ 
tached)  bubble  cavitation  was  found  to 
coincide  with  the  position  of  a  laminar 
separation  bubble,  whereas  for  the  tripped 
hydrofoil  travelling  bubble  cavitation 
occurred.  Van  cer  Meulen  f9j  relaJ ec  the 
appearance  of  cavitation  on* a  NACA  16-012 
hydrofoil  at  angles  of  attack  of  7°  and  10° 
with  the  boundary  layer  flow.  A  holographic 
technique  was  used  to  visualize  the  bound¬ 
ary  layer.  The  present  study  is  an. extension 
of  this  work  and  is  aimed  at  classifying 
types  of  cavitation  on  hydrofoils  and 
relating  then  with  the  viscous  flow  behav¬ 
iour. 

2.  EXPERIMENTAL  METHODS  AND  PROCEDURE 

2.1  Test  Facility  Ar.d  Hydrofoils 

The  experiments  were  made  in  the  high 
speed  water  tunnel  of  the  Netherlands  Ship 
Hodel  Basin.  A  detailed  description  of  this 
tunnel  with  its^air  content  control  system 
is  given  in  [lOj .  For  .he  present  study  a 
new  test  section  was  used.  It  has  a 
40  roro  x  80  ism  rectangular  cross  section  and 
the  maximum  water  speed  is  40  m/s.  Two 
hydrofoils  were  tested.  The  first  one  is 
the  NACA  16-012  hydrofoil,  which  has  a  sym¬ 
metrical  profile  shape  and  a  leading  edge 
radius  of  0.703%  of  the  chord  length.  The 
second  one  is  the  NACA  4412  hydrofoil, 
which  has  a  4%  camoer  and  a  leading  edge 
radius  of  1.58%  of  the  chord  length.  Both 
hydrofoils  had  a  chord  length  of  70  mm  and 
a  span  of  40  mm.  They  were  both  made  of 
brass. 

One  of  the  reasons  for  selecting  the 
NACA  16-012  hydrofoil  is  that  the  same 
section  is  used  in  a  comparative  cavitation 
test  program  initiated  by  the  International 
Towing  Tank  Conference  Cavitation  Committee. 
The  NACA  4412  hydrofoil  was  selected  be¬ 
cause  this  hydrofoil  had  been  subjected  to 
an  extensive  cavitation  test  program  at  the 
California  Institute _of Technology,  as 
reported  by  Kermesn  [l 1 j . 

2.2  Holographic  Method 

To  obtain  detailed  information  on  the 
cavity  type  and  the  boundary  layer  flow  on 


the  hydrofoils,  in-line  holography  has  been 
used.  Visualization  of  the  boundary  layer 
was  effected  by  injecting  a  sodium  chloride 
solution  from  a  small  hole  (dia.  0.21  mm) 
located  at  the  leading  edge  of  the  hydrofoil. 
This  boundary  layer  flow  visualization  tech¬ 
nique,  in  which  a  liquid  is  injected  with  an 
index  of  refraction  Slightly  different  from 
the  surrounding  liquid,  and  in  which  the 
three-dimensional  flow  pattern  of  the  in¬ 
jected  fluid  is  recorded  in  a  hologram,  has 
been  used  earlier  by  Van  der  Meulen  [2,  3l 
to  visualize  the  boundary  layer  flow  on  axi- 
synsmetric  bodies.  However,  in  the  case  of 
axisymmetnc  bodies,  the  image  of  the  body 
on  the  hologram  is  a  single  line  giving  the 
contour  of  the  body  as  illuminated  by  the 
laser  beam,  whereas  in  the  case  of  two- 
dimensional  hydrofoils,  the  image  of  the 
hydrofoil  on  the  hologram  is  a  single  line 
representing  the  whole  surface  of  the  hydro¬ 
foil  as  touched  by  the  laser  beam.  Hence, 
small  deviations  in  the  direction  of  the 
laser  beam  relative  to  the  surface  of  the 
hydrofoil  will  mask  the  surface  and  thus 
mask  the  boundary  layer  flow.  Such  devia¬ 
tions  are  difficult  to  eliminate.  This  prob¬ 
lem  was  overcome  by  slightly  cur  ir.g  back¬ 
ward  the  nose  line  of  the  hydrofoils  and 
slightly  decreasing  the  section  thickness 
further  downstream  toward  the  side  walls. 
Thus  the  chord  length  at  the  side  walls  was 
only  68  mm.  In  this  way  a  center  section 
was  -itained  with  a  chord  length  cf  70  mm 
suitable  for  flow  visualization.  Initially, 
the  sodium  chloride  ccncentration  was  2%, 
but  in  subsequent  tenting  a  concentration  of 
5%  was  used.  The  ratio  of  the  injection  to 
test  section  velocity  was  usually  around  0.). 
Injection  was  made  by  a  p’ur.jer  moving  with 
an  adjustable  speed  in  a  cylinder. 

A  schematic  diagram  of  the  in-line 
holographic  set-up  is  shown  ir.  Figu-.e  1 . 

A  ruby  laser  ( ■  =  694  am)  with  a  30mJ  single 
mode  pulse  duration  of  ;C  ns  was  used  as  a 
light  source,  serving  a  plane  parallel  beam 
of  80  mm  diameter  with  the  aid  of  a  tele¬ 
scopic  system.  Agfa-Gevaert  8E75  Holotest 
plates  (5000  lines/ami)  were  used  as  a  re¬ 
cording  medium-  Reconstruction  from  the 
holograms  was  made  with  a  2  mK  HeNe  laser 
(1  ~  633  nm*.  The  reconstructed  image  was 
studied  with  a  microscope:  the  applied 
magnification  was  usually  40  x.  Further 
details  on  the  holographic  procedure  and 
resolution  are  giver,  by  Van  Senesse  and 
Van  der  Meulen  j_12]. 

2.3  Procedure 

The  tests  performed  in  the  high  speed 
tunnel  comprised  holographic  recordings  of 
the  boundary  layer  flow  and  of  cavitation, 
cavitation  inception  measurements  and  photo¬ 
graphs  of  cavitation.  These  photographs  were 
made  with  a  camera  mounted  vertically  above 
the  hydrofoil  so  that  its  field  of  view 
through  a  plexiglass-  window  in  the  top  of 
the  test  section  covered  a  length  in  chord- 
wise  direction  of  40  mm  and  a  width  in 
spanwise  direction  of  27  mm.  Prior  to  each 
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Table  2  Test  angles  of  attack  for 
NACA  4412  hydrofoil. 
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Fig.  1  Schematic  diagram  of  in-line  holo¬ 
graphic  system  for  making  holograms 
of  cavitation  and  flow  phenomena  on 
hydrofoils. 

series  of  tests  Cat  a  certain  angle  of 
attack),  the  hydrofoil  was  cleaned  and  the 
tunnel  refilled.  To  adjust  the  air  content, 
the  water  was  passed  through  the  deaeration 
circuit  for  a  period  of  1.5  h  at  a  constant 
pressure  in  the  deaeration  tan*. .  All  tests 
were  made  at. a  constant  air  content  of 
about  4.6  csr/l  Cl  cm^  of  air  per  liter  of 
water  at  SAP  corresponds  to  1.125  ppn  by 
weight).  The  watei  temperature  was  usually 
around  20°C.  However,  to  extend  he  Reynolds 
number  range  for  the  inception  measurements, 
at  the  highest  test  speed  the  temperature 
was  allowed  to  rise  to  a  maximum  value  of 
about  35cC. 

A  survey  of  all  angles  of  attack  at 
which  tests  were  made  is  given  in  Table  1 
and  2.  The  angle  of  attack  in  these  tables 

Table  1  Test  angles  of  attack  for 
NACA  16-012  hydrofoil. 


refers  to  the  geometric  angle  of  attack.  The 
effective  angle  of  attack  and  the  pressure 
distribution  about  the  hydrofoils  are 
affected  by  the  restricted  h.-ight  of  the  test 
section.  No  attempt  is  made  to  make  any 
corrections.  The  geometric  conditions  for 
the  flow  visualization  and  cavitation  tests 
were  the  sane,  and  thus  those  results  can 
be  compared  without  any  restriction. 


t.  BrviHD“3v  jjvysp  STU3I-C 
3.1  NACA  16-012  Hydrofoil 


The  boundary  layer  flow  on  the  s  action 
sice  of  the  NACA  16-012  hydrofoil  has  been 
studied  for  the  following  ancles  of  attack 
t  :  2°.  3°,  5°,  7°.  10°  and  *2°.  Since 
.  =  3°  appeared  to  he  a  critical  angle,  some 
additional  observations  were  s^ce  for 
a  =  2.5°. 

For  .  =  2,  observations  were  made  in 
the  range  V,  =1-20  m/s,  where  V  is  the 
undisturbed*'' free  stream  velocity  in  the 
test  section.  At  low  speeds,  a  laminar  bound- 
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2  Laminar  separation  on  NACA  16-012;. 
hydrofoil  for  a=2°  and  Ke=0-  72x10-’ 
(Vo=i.0  m/s).  The  flow  is  from  lef 
to  right.  x_/c=0.70. 


separatee  sneer  layer,  A 
photograph  of  tr.e  recons  true  tec  inace 
showing  laminar  separation  xs  presented  m 
Figure  2.  The  flow  direction  m  this  and 
all  fall 'yn i •  g  photographs  is  from  left  to 
right.  The  Reynolds  number  is  0.72  103 

•  r  =  ’  -  3  a  s).  The  Reynolds  number  Re  is 
giver,  by 


wr.ere  c  is  tr.e  cnorc  length  of  tne  hydrofoil 
(c  =  70  mm) ,  and  .  the  kinematic  viscosity. 
Laminar  sepaiation  occurs  at  x~/c  -  0.70, 
where  >:  is  the  d. stance  along  the  chord. 
Further  downstream,  transition  to  turbulence 
occurs,  as  shown  in  Figure  3.  The  position 
of  transition  is  at  x„/c  =  0.96.  The  posi¬ 
tions  of  separation  or  transition  for  all 
holograms  taken  at  a  =  2  ape  plotted  in 
Figure  4.  Below  Re  =  2  x  1 0  3 ,  the  mean  value 
of  the  position  of  separation  is  - 
'Xg/c)-  =  0.706.  Cp  till  Re  =  4  x  10 J  lami¬ 
nar  separation  is  still  present,  but  above 
Se  r  5  x  105  a  laminar  boundary  layer  is 
observed  with  normal  transition  to  Lurbu- 


tne  posit 
refers  tc 
and  shoal 


and  all  subsecuent  ficures. 


tmguisnec  rro 
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5  Laminar  separation  on  NACA  16-012 
hydrofoil  for  a =2°  and  Re=0.8xlC5 


4;  v,vM •»  . 


ig.  4  Positions  of  separation  and  transi¬ 
tion  versus  Reynolds  number  for  MaCA 
16-012  hydrofoil  at  j=2°- 


Fig.  6  Transition  to  turbulence  of  laminar 
separated  shear  layer  on  NACA  16y012 
hydrofoil  for  *=3°  and  Re=0.8xlO3 
{V  =1.15  m/s).  x„/c=0.843. 

O  1 


For  a  =  3  ,  a  laminar  boundary  j  ayer 
is  found  at  Re  =  O.S  x  lO3  (V  =1.15  m/s), 
followed  by  laminar  separation  and  transi¬ 
tion  to  turbulence  far  downstream.  Photo¬ 
graphs  of  laminar  separation  and  transition 
are  shown  in  Figures  5  and  6,  with 
x_/c  =  0.697  and  x„/c  =  0.843.  Observations 
made  at  Re  =  1.47  x  10s  (V  =  2  Ji  m/s) 
showed  the  presence  of  a  snort  laminar  se¬ 
paration  bubble,  as  shown  in  Figure  7.  Data 


on  the  positions  of  separation  and  transi¬ 
tion  are  plotted  in  Figure  8.  The  mean 
value  of  the  position  of  laminar  separation 
for  the  short  bubble  is  Sv'c).  =  0.0061. 

Some  observations  of  the  Boundary  lave 
flow  were  made  at  a  =  2.9°.  The  quality  of 
the  holograms  in  this  series  was  rather  poor 
and  accurate  data  were  hard  to  obtain.  How¬ 
ever,  the  main  features  of  the  boundary 
layer  could  still  be  distinguished  and  it 
was  found  that  above  V  =  4  m/s  a  laminar 
boundary  layer  existed  with  normal  transi¬ 
tion  to  turbulence.  The  absence  of  leading 
edge  separation  (short  bubble)  appeared  to 
have  a  large  influence  on  cavitation,  as 
will  be  discussed  later. 

For  a  =  5°, a  laminar  separation  bubble 
is  found  up  till  ge  =  5  x  103.  An  example 
at  Re  =  0.73  x  1G3  (V  =1.0  m^s)  is  shown 
in  Figure  9.  Above  Re'-'  5  x  103  laminar 

separation  was  no  longer  present,  since  ter' 
bulence  began. earlier.  At.  example  at 
Re  =  7.6  x  103  (V  =  12.0  m,  si  is  shown  in 
Figure  10.  Data  on  the  positions  of  separa¬ 
tion  and  transition  are  clotted  m  Figure  11 
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ig.  8  Posi tions  of  separation  and  transi¬ 
tion  versus  Reynolds  number  for 
NACA  16-012  hydrofoil  at  a=3°. 


Fig.  10  Transition  to  turbulence  of  laminar 
boundary  layer  on  NACA  16-012  hydro 
foil  for  a=5°  and  Re=7.6xl03 
(V_=12.0  m/s). 


Fig.  11  Positions  of  separation  and  transi¬ 
tion  versus  Reynolds  number  for 
NACA  16-012  hydrofoil  at  a=5°. 

In  some  holograms  the  precise  position  of 
separation  was  difficult  to  establish,  but 
separation  did  occur.  These  cases  are  marked 
with  "S". 

For  a  =  7°,  laminar  separation  occurs 
at  the  leading  edge,  followed  by  transition 
to  turbulence  of  the  separated  shear  layer 
and,  although  hardly  visible  and  apparently 
being  a  limiting  case,  resttachment.  An 
®xample  at  Re  =  0.76  x  105  (VQ  =  1.15  m/s) 
is  shown  in  Figures  12A  and  12B.  These 
photographs  were  made  from  the  same  holo¬ 
gram  and  have  an  overlap.  Data  on  the  posi- 


Fig.  12B  Continued  rrom  Fig.  12A.  pnoto- 
graphs  show  overlap. 

tions  of  separation  and  transition  are 
plotted  in  Figure  13.  The  mean  value  of  the 
position  of  laminar  separation  is 
(xs/c),0  =  0.0035,  which  is  very  close  to 
the  value  mentioned  in  [9] , 

For  a  =  10°,  laminar  separation  occurs 
at  the  leading  edge,  followed  by  transition 
to  turbulence  of  the  separated  shear  layer 
without  reattachment.  Data  on  the  positions 
of  separation  and  transition  are  plotted 
in  Figure  14.  At  the  highest  speed  tested 
(VD  =  8.0  m/s;  Re  =  5.73  x  10^)  transition 
to  turbulence  occurred  on  the  nose  of  the 
hydrofoil,  prior  to  the  position  of  separa¬ 
tion.  The  mean  value  of  the  position  of 
laminar  separation  is  (x_/c) =  0.0030, 
which  is  close  to  the  value  mentioned  in  [9]  . 


REYNOLDS  NUMBER,  R*  x  10 


Fig.  12A  Laminar  separation  and  transition 
to  turbulence  on  NACA  16-012  hydro¬ 
foil  for  a»7°  and  Re«0.76xl05 
(V0-1.15  m/s) . 


Fig.  13  Positions  of  separation  and  transi¬ 
tion  versus  Reynolds  number  for 
NACA  16-012  hydrofoil  at  a«7°. 
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Fig.  14  Positions  of  separation  and  transi¬ 
tion  versus  Reynolds  number  for 
NACA  16-012  hydrofoil  at  a=10° 

The  behaviour  of  the  boundary  layer 
for  a  =  12°  is  very  similar  to  that  for 
a  =  10°.  Laminar  separation  is  observed, 
followed  by  an  unattached  free  shear  layer. 
A  clear  example  of  this  phenomenon  is  shown 
in  Figures  15A  and  15B  (V  =0.73  m/s; 

Re  =  0.50  x  105).  These  photographs  were 
made  from  the  same  hologram  and  have  an 
overlap.  Data  on  the  positions  of  separa¬ 
tion  and  transition  are  plotted  in  Figure 
16.  The  mean  value  of  the  position  of  lami¬ 
nar  separation  is  (xs/c)12  =  0.0030. 

3.2  NACA  4412  Hydrofoil 

The  boundary  layer  flow  on  the  suction 


i--» ,  1mai-^-j 


Fig.  15B  Continued  from  Fig.  15A.  Photographs 
show  overlap. 
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Fig.  15A  Laminar  separation  and  unattached 
free  shear  layer  on  NACA  16-012 
hydrofoil  for  a=12°  ana 
Re=0.50xl05  (Vq=0.73  m/s) . 


Fig.  16  Positions  of  separation  and  transi¬ 
tion  versus  Reynolds  number  for 
NACA  16-012  hydrofoil  at  o=12°. 
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Pig.  17  Laminar  separation  on  NACA  4412 

hydrofoil  for  a=2°  and  Re=0.72xl05 
(VQ=1.0  m/s).  xg/c=0.506. 

side  of  the  NACA  4412  hydrofoil  has  been 
studied  for  the  following  angles  of  attack 
a:  2°,  4°,  6°,  8°,  10°  and  16°. 

For  a  =  2°,  observations  were  made  m 
the  range  VQ  =  1  -  20  m/s.  Up  till 
V  =  4  m/s,  a  laminar  boundary  layer  is 
found  with  laminar  separation  far  downstream 
followed  by  transition.  An  example  of  lami¬ 
nar  separation  at  Re  =0.72  x  JO3 
iVQ  =1.0  m/s)  is  shown  in  Figure  17.  The 
position  of  separation  is  at  Xg/c  =  0.506. 

At  higher  speeds,  a  laminar  boundary  layer 
is  observed  with  normal  transition  to  tur¬ 
bulence.  An  example  of  transition  at 
Re  =  14.1  x  10s  (V  =  19.9  m/s)  is  shown  in 
Figure  18.  The  position  of  transition  is  at 
x,r/c  =  0.457.  Data  on  the  positions  of 
separation  and  transition  are  plotted  in 
Figure  19.  Below  Re  =  2  x  10  ,  the  mean 
value  of  the  position  of  laminar  separation 
is  (%/<:)  4  =  0.509. 

The  behaviour  of  the  boundary  layer 


Fig.  18  Transition  to  turbulence  of  laminar 
boundary  layer  on  NACA  4412  hydro¬ 
foil  for  a=2°  and  Re=14.1xl03 
(V  =19.9  m/s).  Xm/c=0 .457 . 
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Fig.  19  Positions  of  separation  and  transi¬ 
tion  versus  Reynolds  number  for 
NACA  4412  hydrofoil  at  ct=2°. 

for  a  ®  4°  is  very  similar  to  that  for 
a=2°.  An  example  of  laminar  separation  at 
Re  =  0.63  x  103  (VQ  =0.89  m/s)  is  shown  in 
Figure  20.  The  position  of  separation  is  at 
xs/c  =  0.427.  An  example  of  transition  to 
turbulence  of  the  laminar  boundary  layer  at 
Re  =  4.25  x  10b  (V  =  6.0  m/s)  is  shown  in 
rigure  21.  The  position  of  transition  is  at 
xT/c  =  0.480.  Data  on  the  positions  of  sepa' 
ration  and  transition  are  plotted  in  Figure 
22.  Below  Re  =  2  x  10  ,  the  mean  value  of 


Fig.  20  Laminar  separation  on  NACA  4412  hy¬ 
drofoil  for  a=4°  and  Re=0.63xi.03 
(V  =0.89  m/s).  Xg/c=0.427. 


t  im  .1 1  mm  i  j 


Fig.  21  Transition  to  turbulence  of  laminar 
boundary  layer  on  NACA  4412  hydro¬ 
foil  for  a=4°  and  Re=4.25xl05 
(Vo=6.0  m/s).  xt/c=0.480. 

the  position  of  laminar  separation  is 
(x  /c).  =  0.426. 

The  behaviour  of  the  boundary  layer 
for  ci  =  6°  is  also  very  similar  to  that  for 
a  =  2°.  An  example  of  laminar  separation  at 
Re  =  0.79  x  105  „V  =  1.0  m/s)  is  shown  in 
Figure  23.  The  position  of  separation  is  at 
x  /c  =  0.375.  The  photograph  j.n  Figure  24 
was  taken  from  the  same  hologram  and  shows 
transition  to  turbulence  of  the  laminar  free 
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Fig.  23  Laminar  separation  on  NACA  4412. hy¬ 
drofoil  for  a=6°  and  Re=0 . 79x10s 
(VQ=1.0  m/s).  Xg/c=0.375. 

shear  layer.  The  position  of  transition  is 
at  xT/c  =  0.558.  Data  on  the  positions  of 
separation  and  transition  are  plotted  in 
Figure  25.  Below  Re  =  1.75  x  10s,  the  mean 
value  of  the  position  of  laminar  separation 
is  (xs/c)4  =  0.386. 

For  a  =  8°,  observations  v;ere  made  in 
the  range  VQ  =  1  -  9  m/s.  Up  till  VQ  =  2  m/s, 
a  laminar  boundary  layer  is  found  with  lami¬ 
nar  separation  downstream,  followed  by 
transition.  An  example  of  laminar  separation 
at  Re  =  0.63  x  1C5  (V  =0.89  m/s)  is  shown 
in  Figure  26.  The  position  of  separation  is 
at  xg/c  =  0.333.  The  photograph  in  Figure 
27  was  taken  from  the  same  hologram  and 
shows  transition  to  turbulence  of  the  lami¬ 
nar  free  shear  layer.  The  position  of  transi¬ 
tion  is  at  x™/c  =  0.523.  At  VQ  =  2  m/s,  the 
position  of  laminar  separation  has  moved  to 
the  leading  edge,  whereas  transition  to 
turbulence  is  still  located  far  downstream. 
Hence,  in  this  case  a  long  separation  bubble 
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Fig.  22  Positions  of  separation  and  transi¬ 
tion  versus  Reynolds  number  for 
NACA  4412  hydrof.oil  at  a=4° 


24  Transition  to  turbulence  of  laminar 
separated  shear  layer  on  NACA  4412 
hydrofoil  for  a=6°  and  Re=0.79xl0^ 
(V  =1.0  m/s).  Xm/c=0 . 558. 
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Fig.  27  Transition  to  turbulence  of  laminar 
separated  shear  layer  on  NACA  4412 
hydrofoil  for  a=8°  and  Re=0.63xl05 
(VQ=0.89  m/s).  xt/c=0.523. 

28.  The  mean  value  of  the  position  of  the 
leading  edge  separation  is  (xs/c)g  =  0.0233 
For  a  =  10°,  a  long  bubble  is  found  at 
low  speeds.  An  example  of  transition  to 
turbulence  of  the  laminar  free  shear  layer 
at  Re  =  0.64  x  10^  (V  =0.89  m/s)  is  shown 
in  Figure  29.  The  position  of  transition 
is  at  xT/c  =  0.405.  When  the  speed  is  in- 


Fig.  25  Positions  of  separation  and  transi¬ 
tion  versus  Reynolds  number  for 
NACA  4412  hydrofoil  at  a=6°. 

is  found.  In  the  hologram,  the  position  of 
separation  was  difficult  to  locate  since 
the  bubble  was  very  thin.  At  increasing 
speed,  the  position  of  transition  moves 
further  upstream,  so  that  at  the  highest 
speed  tested  (VQ  =  8.8  m/s)  a  short  bubble 
is  found.  Data  on  the  positions  of  separa¬ 
tion  and  transition  are  plotted  in  Figure 


Fig.  26  Laminar  separation  on  NACA  4412 

hydrofoil  for  <x=8°  and  Re=0.63xl05 
(Vo=0.89  m/s).  xs/c=0.333. 
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Fig.  28  Positions  of  separation  and  transi¬ 
tion  versus  Reynolds  number  for 
NACA  4412  hydrofoil  at  a=8°. 
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reference  to  the  relevant  hydrofoils  and 
angles  of  attack,  are  listed  below. 


Pig.  33  Laminar  separation  bubble  on  NACA 
4412  hydrofoil  for  a=16°  and 
Re=3.47xl05  (Vq=4 .9  m/s) . 

Data  on  the  positions  of  separation  and 
transition  are  plotted  in  Figure  34.  The 
mean  value  of  the  position  of  separation 
is  (Xg/c) ^  =  0.0060. 

3.3  Analysis 

In  analyzing  the  results  of  the  bound¬ 
ary  layer  flow  visualization  experiments 
for  both  hydrofoils,  some  typical  similari¬ 
ties  are  found.  When  the  boundary  layer 
flow  phenomena  at  very  low  Reynolds  numbers 
are  disregarded,  the  boundary  layer  flow 
behaviour  may  be  classified  into  four  groups. 
Descriptions  of  the  observed  behaviour,  with 
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Fig.  34  Positions  of  separation  and  transi¬ 
tion  versus  Reynolds  number  for 
NACA  4412  hydrofoil  at  a=16°. 


A.  Laminar  boundary  layer  with,  far  down¬ 
stream,  transition  to  turbulence. 

NACA  16-012  hydrofoil,  a  =  2° 

NACA  4412  hydrofoil,  a  =  2°,  4°  and  6°. 

.3.  Laminar  separation  at  leading  edge  with 
subsequent  transition  to  turbulence  and 
reattachment  (separation  bubble) . 

NACA  16-012  hydrofoil,  a  =  3°  and  5° 

NACA  4412  hydrofoil,  a  =  8°  and  10°. 

C.  Laminar  separation  at  leading  edge  with 
subsequent  transition  to  turbulence  with 
or  without  reattachment  (transitional 
case) 

NACA  16-012  hydrofoil,  a  =  7° 

NACA  4412  hydrofoil,  a  =  16°. 

D.  Laminar  separation  at  leading  edge  with 
subsequent  transition  to  turbulence  with¬ 
out  reattachment  (unattached  free  shear 
layer) 

NACA  16-012  hydrofoil,  a  =  10°  and  12°. 

The  zero  lift  angle  of  attack  a  for 
the  NACA  16-012  hydrofoil  is  0°,  whereas  for 
the  cambered  NACA  4412  hydrofoil  it  is  -4°. 
Hence,  a  comparison  based  on  a  -  a  instead 
of  a  would  have  shown  more  distinctly  that 
the  behaviour  of  the  boundary  layer  for  the 
NACA  16-012  nydrofoil  is  much  more  sensitive 
to  an  angle  of  attack  change  than  for  the 
NACA  4412  hydrofoil.  This  is  mainly  caused 
by  the  large  difference  in  leading  edge 
thickness. 

The  distinction  between  the  observed 
long  and  short  laminar  separation  bubbles 
is  based  on  the  general  description  given  by 
Gaster  [l3] .  Long  bubbles  were  only  observed 
for  the  NACA  4412  hydrofoil  at  a  =  8°  and 
10°.  The  free  shear  layer  of  the  long  bub¬ 
bles  was  located  at  a  very  short  distance 
from  the  body  surface. 

4.  CAVITATION  STUDIES 


4.1  Cavitation  Appearance 

The  appearance  of  cavitation  on  the 
hydrofoils  has  been  derived  from  different 
sources.  First,  visual  observations  were 
made  under  stroboscopic  lighting  during  the 
cavitation  inception  measurements.  Secondly, 
each  series  of  cavitation  inception  measure¬ 
ments  was  followed  by  a  series  of  tests 
during  which  photographs  were  made  of  limit¬ 
ed,  moderately  developed  and  developed  cav¬ 
itation,  taken  at  specific  test  section 
speeds.  Thirdly,  holograms  were  made  for 
specific  conditions.  These  holograms  provid¬ 
ed  detailed  information  on  the  cavity  shape 
(bubble,  sheet)  and  cavity  location  (at¬ 
tached.  unattached).  In  many  cases,  however, 
the  small  gaps  between  the  ends  of  the  hy¬ 
drofoil  and  the  glass  windows  in  the  test 
section  walls  caused  premature  cavitation  in 
the  corners.  In  those  cases,  cavitation  on 
the  centre  section  of  the  hydrofoil  was 


masked,  except  for  the  leading  edge. 

4.1,1  NACA  16-012  hyarofotl 

A  photographic  record  of  the  cavitation 
appearance  on  the  Na2A  16-012  hvdrofoil  for 
i  =  2°,  3°,  4°,  5°,  0°,  7°,  10°' and  12°  is 
shown  ir.  Figure  35.  These  photographs  of 
moderately  developed  cavitation  were  ail 
taker,  at  VQ  -  10  m/s.  The  flow  direction  on 
these  ; and  all  following)  photographs  is 
from  left  to  right.  The  photographs  cover 
about  50%  of  the  length  of  the  hydrofoils 
starting  from  the  leading  edge  ix/c  = 
0-0.5). 

Th-  ■  y:m  of  ion  occurring  at 

i  =  2°  is  typically  bubble  cavitation  ( 
Figure  33a) .  Most  cf  the  bubbles  are  attach¬ 
ed  to  the  surface  ar.d  travel  wit.u  the  main 
flow.  Tms  type  of  cavitation  is  aiso  calle-. 
travelling  bubble  cavitation.  The  bubbles 
appear  m  a  'wide  area  (>:/<-  0.2  -  0.8); 

the  largest  ones  are  observed  at  x/c  0.6. 
At  higher  speeds  !up  to  j0  m,  s)  some  streak 
cavitation  v;as  observed.  The  streak  cavities 
were  caused  by  smal)  particles,  trapped  on 
the  hydrofoil  nose. 

The  appearance  of  cavitation  at  i  =  3°, 
is  very  much  dependent  or.  the  precise  angle 
of  attack.  Initial  observations  at 
i  =  2.99°  0.1°)  and  an  air  content  of 

8.4  enr  1  showed  bubble  cavitation  at  low 
speeds  (V  =  10  -  15  nvs)  and  streak  cavi¬ 
tation  at  high  speeds.  Subsequent  observa¬ 
tions  at  i  =  3.09°  (-  0.1°)  and  an  air  con¬ 
tent  of  5.2  cm  ,/i  sho-wed  streak  cavitation 
at  lew  speeds  (Figure  35c-  and  sheet  cavi¬ 
tation  (with  some  streaks)  at  high  speeds. 

An  example,  taken  at  V  =  20  m/s,  is  shown 
in  Figure  36.  3ubbie  cavitation  did  not 
occur.  Initially,  it  was  assumed  that  this 
•was  caused  oy  the  lower  air  ontent.  There-Q 
fore,  additional  tests  were  made  at  <  =  3.09, 
during  which  the  air, content  was  gradually 
increased  to  13.7  cnr/1  by  bleeding  air  into 
the  tunnel,  but  still  bubble  cavitation 


remained  absent.  Final  tests  were  made  at 
»  =  2.  §7°  (i.  0-iO>  and  an  air  content  of 
5.4  cnrYl.  After  some  experimenting,  bubble 
cavitation  was  observed  at  icw  speeds. 

Tor  i  =  4°,  the  appearance  of  cavitation 
is  sheet  cavitation  (Figure  35c) .  A  sequence 
of  photographs  taken  at  V  =  10  m/s  and  at 
different  cavitation  numbers  :  is  presented 
m  Figure  37.  The  cavitation  number  ;  is 


Fig.  38  Attached  sheet  cavity  on  nose  of 
NACA  16*012  hydrofoil  for  a=5°, 

V  =4.9  m/s  and  j=1.77. 


defined  as 


P  _  p 

o  v 


where  PQ  and  V  denote  the  undisturbed  stat¬ 
ic  pressure  and  flow  velocity  in  the  test 
section,  Pv  is  the  vapour  pressure  of  the 
liquid  and  o  its  density. 

Also  for  a  =  5°,  the  type  of  cavitation 
is  sheet  cavitation  (Figure  35dj .  A  photo¬ 
graph  taken  from  a  hologram,  showing  the 
attachment  of  a  sheet  cavity  to  the  hydro¬ 
foil  nose  at  V  =  4.9  m/s  and  c  =  1.77  is 
presented  in  Figure  38. 

For  a  =  6°  at  inception,  cavitation 
appeared  as  a  symmetrical  band  of  small 
attached  bubbles  and  sheets.  When  the  pres¬ 
sure  was  lowered,  an  irregular  sheet  was 
created  near  the  nose.  Further  downstream, 
the  sheet  transformed  into  cavitation  with 
a  cloudy  appearance  (Figure  35e; . 

Foi  a  =  7°  at  inception,  cavitation 
appeared  as  a  symmetrical  band  of  small 
attached  transient  bubbles  near  the  nose. 

A  detail  of  an  attached  cavity  is  shown  in 
[9].  When  the  pressure  was  lowered,  the 
cavitation  obtained  a  cloudy  appearance, 
but  remained  attached  to  the  nose,  occasion¬ 
ally  showing  areas  with  a  transient  sheet 
(Figure  35f ) . 

For  a  =  10°,  the  cavities  were  no 
longer  attached  to  the  hydrofoil  surface 
[9] .  The  type  of  cavitation  observed  is 
cloud  cavitation  (Figure  35g) .  At  low  speeds 
the  clouds  appeared  to  have  a  finer  struc¬ 
ture  (consisting  of  many  isolated  bubbles) 
than  at  high  speeds.  This  phenomenon  is 
illustrated  by  the  photographs  presented 
in  Figure  39,  which  were  taken  at  (a) 

VQ  =  5.1  m/s  and  (b)  V  =  15.1  m/s. 

Also  for  a  =  12°,  the  type  of  cavita¬ 
tion  observed  is  cloud  cavitation  (Figure 
35h) .  Holographic  observations  clearly  show 
that  the  cavities  are  not  attached  to  the 
hydrofoil  surface  but  are  located  at  some 
distance.  Examples,  taken  at  V  =  4.9  m/s 


Fig.  39  Photographs  showing  cloud  cavitation 
on  NACA  16-012  hydrofoil  for  a=10° 
and  different  speeds:  (a)  V  =5.1  m/s 
(0=3.07)  and  (b)  V  =15.1  m/s 
(o=3.41). 


Fig.  40  Unattached  cavities  (cloud  cavita¬ 
tion)  near  nose  of  NACA  16-012  hy¬ 
drofoil  for  a=12°,  V  =4.9  m/s  and 
o=3.13. 


Fig.  41  Unattached  cavities  (cloud  cavita¬ 
tion)  near  nose  of  NACA  16-012  hy¬ 
drofoil  for  a=i20#  V  =7.0  m/s  and 
0=3.21. 

and  7.0  m/s,  are  presented  in  Figures  40 
and  41. 

For  a  =  16°,  the  cavities  are  irregu¬ 
larly  shaped  and  often  have  a  threadlike 
appearance.  Most  of  the  cavities  are  lo¬ 
cated  at  some  distance  behind  the  leading 
edge.  Examples,  taken  at  V  =  10  m/s,  are  . 
presented  in  Figures  42  and  43.  Similar 
patterns  are  reported  by  Kermeen  and  Parkin 
Tl4j  benind  sharp-edged  disks,  and  by 
Keller  fl5]  on  a  blur.t  axi'symmetric  body. 

4.1.2  NACA  4412  hydrofoil 

A  photographic  record  of  the  cavitation 
3poearance  on  the  NACA  4412  hvdrofcil  for 
a  =  0°,  2°,  4°,  6°,  8°,  10°,  12°  and  16° 
is  presented  in  Figure  44.  Tne  photographs 
show  moderately  developed  cavitation  at 
V„  =  10  m/s.  „ 


For  a  =  0 


2°  and  4°, 


tne  appearance 


Fig.  42  Photograph  showing  irregular, 

threadlike  appearance  of  cavitation 
-on  NACA  16-012  hydrofoil  for  a=16°, 
V  =  10  m/s  and  o=3.22. 


Fig.  43  Photograph  showing  irregular, 

threadlike  appearance  of  cavitation 
on  NACA  16-012  hydrofoil  for  a=16°, 
Vo=10  m/s  and  c=2.82. 

of  cavitation  is  almost  identical.  At  low 
speeds  (till  about  14  m/s)  bubble  cavitation 
is  found  (Figure  44a,  b  and  c) .  At  high 
speeds  (above  about  18  m/s)  transient 
attached  cavities  are  observed  and,  occasion¬ 
ally,  travelling  bubbles.  The  attached  type 
of  cavitation  is  named  transient  spot  cavi¬ 
tation.  At  moderate  speeds  (around  16  m/s) 
both  bubble  and  transient  spot  cavitation 
occur.  Three  examples  of  transient  spot 
cavitation,  taken  at  about  20  m/s,  are 
presented  in  Figures  45.  46  and  47.  The 
cavities  are  located  at  a  large  distance 
from  the  leading  edge.  They  seem  to  origi¬ 
nate  from  weak  spots  on  the  surface  of  the 
nydrofoi 1  but,  because  of  the  transient 
character,  these  spots  do  not  have  fixed 
positions.  Quite  frequently,  bubbles  are 
observed  with  “tails".  Examples  are  shown  in 
Figure  44c  and  d.  This  phenomenon  has-been 
described  before  by  HoX‘1  and  Carroll  |.16j  . 
Examples  of  holographic  recordings  showing 
bubble  cavitation  for  a  =  2°,  are  presented 
in  Figures  48  and  49.  In  Figure  48,  an 
attached  and  unattached  bubble  are  observed 
for  VQ  =  14. v  n/s  and  c  =  0.85.  The  position 
of  the  attached  bubble  is  at  xc/c  =  0.171. 
Figure  49  shows  an  attached  bubble  for 
V  =  19.8  m/s  and  o  =  0.80.  The  position  of 
this  bubble  is  at  xc/c  =  0.208. 

For  a  =  6°,  the  appearance  of  cavitation 
at  low  speeds  (till  about  14  m/s)  is  bubble 
cavitation  (Figure  44d) .  At  high  speeds 
streak  cavitation  is  observed. 

Ihe  appearance  of  cavitation  for  a .=  8° 
and  10°  is  almost  identical.  The  type  of 
cavitation  is  essentially  sheet  cavitation. 
Occasionally,  however,  some  bubbles  were 
observed  at  low  speeds  (till  about  10  m/s) 
for  a  =  8°.  The  sheet  has  a  rather  irregular 
appearance,  as  shown  in  Figure  44e  and,  f. 
Apparently  the  sheet  is  very  sensitive  to 
small  imperfections  at,  the  leading  edge  of 
the  hydrofoil.  A  detail  of  the  leading  edge 
of  the  sheet  cavity  is  presented  in  Figure 
50.  This  photograph  refers  to  a  =  8°, 


Fig.  51  Photograph  showing  partial  shset 
cavitation  on  NACA  4412  hydro-foil 
for  u=12°,  v0=5  m/s  and  .*=3.30. 

V  =  9.7  m/s  and  c  *  2.06.  The  position  of 
tr.e  leading  edge  of  the  sheet  cavity  is  at 
x„/c  =  0.0186. 

**  For  a  =  12°.  the  appearance  of  cavi¬ 
tation  depends  rather  strongly  upon  the 
speed.  At  V  =  5  m/s  (Figure  Si),  the  first 
part  of  thecavity  is  a  sheet.  At  VQ  = 10  ss/s 
(Figure  44g) ,  the  length  of  the  sheet  is 
very  small  and  the  downstream  part  of  the 
cavity  has  a  cloudy  appearance.  Finally,  at 

V  =  >3.8  m/s  ("igure  525,  the  cavity  is 
still  attached  to  the  nose,  but  most  of  the 
cavity  has  a  cloudy  appearance. 

For  a  =  16°  at  inception,  a  band  of 
small  attached  bubbles  is  observed.  A  de¬ 
tail  is  shown  ir.  Figure  53.  This  photograph 
refers  to  V  «  7.1  m/s  and  o  =  5.34.  The 
position  of  the  leading  edge  of  the  cavity 
is  at  xc/c  =  0.0089.  When  the  pressure  is 
lowered,  the  leading  edge  of  the  cavity 
remains  attached  to  the  hydrofoil  nose,  but 
further  downstream  the  cavity  has  a  cloudy 
appearance  (Figure  44h) . 


Fig.  52  Photograph  showing  cavitation  with 
cloudy  appearance  on  NACA  4412  hy¬ 
drofoil  for  a=12°,  V  =13.8  m/s  and 
o=4.10. 


rig.  53  Attached  bubble  (sheet)  on  nose  of 
NACA  4412  hydrofoil  for  a=16°, 

V  =7 .1  m/s  and  '=5.34.  xc/c=0.0089. 

4.2  Cavitation  Inception 

To  examine  the  beginning  of  cavitation, 
cavitation  inception  measurements  were 
carried  out  for  both  hydrofoils.  Cavitation 
inception  is  the  limiting  state  between  a 
nor.-cavitating  flow  and  a  cavity  flow.  This 
state  can  be  attained  in  two  different  ways: 
starting  from  a  non-cavitating  condition  and 
decreasing  the  pressure  which  leads  to  the 
incipient  state  of  cavitation  and  yields  the 
incipient  cavitation  number  c.,  and  starting 
from  a  cavitating  condition  and  increasing 
the  pressure  which  leads  to  the  cesinent 
state  of  cavitation  and  yields  the  cesinent 
cavitation  number  c^.  The  present  study 
comprised  both  desinence  and  inception 
measurements.  For  each  test  velocity,  desi¬ 
nence  was  measured  prior  to  inception.  The 
precise  definition  of  inception  is  important 
in  obtaining  consistent  results.  Two  aspects 
have  to  be  considered  in  performing  incep¬ 
tion  measurements  on  hydrofoils.  First,  the 
cavity  may  start  on  the  leading  edge  in  a 
small  part  along  the  span  and  spread  out 
gradually  when  the  pressure  is  lowered. 
Secondly,  intermittent  cavitation  may  occur, 
such  as  bubble  or  cloud  cavitation.  The 
problems  associated  with  both  aspects  were 
solved  by  using  the  well-known  50%  criterion 
of  inception.  The  50%  may  refer  to  the 
extent  of  cavitation  along  the  span  or  to 
the  time  during  which  cavitation  is  present. 
The  inception  measurements  were  made  under 
stroboscopic  lighting. 

When  possible,  inception  data  are  com¬ 
pared  with  the  pressure  coefficient  Cp, 
defined  as 


-s  = 


pc  -  p 


where  P  denotes  the  static  pressure  on  the 
hydrofoil.  If  the  pressure  coefficient  is 
related  to  the  minimum  static  pressure  Proin 
on  the  hydrofoil,  the  minimum  pressure 
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Fig.  54  Cavitation  inception  and  desinence  number  versus  Reynolds  number  for  NACA  16-012 
hydrofoil . 


coefficient  Cpmin  is  given  by 


The  results  of  the  cavitation  incep¬ 
tion  measurements  are  plotted  in  Figures 
54  and  55.  In  general,  it  is  found  that  the 
o^-  and  o^-values  are  almost  indentical. 
Cavitation  hysteresis  effects  [l 7]  are  ob¬ 
served  only  at  low  Reynolds  numbers  for  the 
NACA  16-012  hydrofoil  at  a  =  6°  and  7°. 

The  inception  (or  desinence)  values 
for  the  NACA  16-012  hydrofoil’  increase  grad¬ 
ually  with  an  increase  in  a,  but  reach 
limiting  values  at  a  =  10°.  In  section  3.1, 


it  has  been  shown  that  for  this  angle  lami¬ 
nar  flow  separation  occurs  near  the  leading 
edge  without  reattachmeht.  Apparantly,  above 
this  angle  leading  edge  stall  occurs-  and 
the  lift  coefficient  and  ~Gpmjn  decrease.  .  > 
This  explains  the  lower  inception  values  for 
o  =  12°  and  16°. 

For  the  NACA  4412  hydrofoil,  a  gradual 
increase  in  inception  values  is  found  with 
an  increase  in  a  up  to  the  highest  angle 
tested  (a  =  16°).  In  section  3.2,  it  has 
been  shown  that  for  this  angle  laminar  flow 
separation  occurs  near  the  leading  edge 
with  reattachment.  A  direct  comparison 
between  the  present  inception  values  and 
those  measured  by  Kermeen  [ll]  is  difficult 
to  make  because  the  present  results  are  not 
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corrected  for  blockage.  The  most  important 
difference,  however,  is  that  Kermeen's  data 
for  a  =  0°,  2°,  4°  and  6°  show  a  Reynolds 
number  dependency,  whereas  the  present  data 
for  these  angles  are  independent  of  Re. 
Xermeen  [llj  compared  his  inception  data 
with  accurate  wind  tunnel  measurements  of 
“Cpmin  made  by  Pinkerton  [l8]  at  Re  =  3  x  10  , 
and  found  a  reasonable  to  good  agreement. 
In  order  to  compare  the  present  inception 
values  with  Pinkerton's  value?  of  -Cp  .  , 
a  correction  method  is  used,  which  nun 
simply  consists  of  multiplying  the  measured 
“%in"values  wi-t^  a  constant  factor  of 
1.248.  This  factor  represents  the  square  of 
the  racio  between  the  height  of  the  test 
section  and  the  height  of  the  test  section 
minus  the  hydrofoil  thickness.  These  cor¬ 
rected  -Cp.  -values  are  plotted  in  Figure 
55.  The  -Cpmin-vaiues  for  a  =  6°  and  10° 
have  not  been  measured  and  were  obtained  by 
interpolation.  The  agreement  between  mea¬ 
sured  inception  values  and  corrected  -Cp  .  - 
values  for  a  =  0°,  2°  and  4°  is  excellent11 
but  for  larger  angles  the  agreement  is 
rather  poor. 

The  inception  values  appear  to  be  in¬ 
dependent  of  the  Reynolds  number  for  all 
cases  that  bubble  cavitation  is  found,  at 
low  or  moderate  speeds  (NACA  16-012  hydro¬ 
foil,  a  =  2°  and  NACA  4412  hydrofoil,  a = 0°, 
2°,  4  and  6°) .  Since  the  position  of 
transition  to  turbulence  of  the  laminar 
boundary  layer  is  a  function  of  Re,  as 
shown  in  Figures  4,  19,  22  and  25,. the 
pressure  coefficient  at  transition,  CP„,  is 
also  a  function  of  Re,  and  thus  it  mayxbe 
concluded  that  d  does  not  correlate  with 
CpT.  Such  a  correlation  has  previously  been 
reported  by  Arakeri  and  Acosta  fl],  on  a 
1.5  calibre  ogive  body.  In  our  opinion,  a 
correlation  between  c,  d  and  “Cp  seems 
more  appropriate,  provided  the  water  con¬ 
tains  a  sufficient  number  of  nuclei. 

5.  DISCUSSION  AND  CONCLUSION 

The  appearance  of  cavitation  on  both 
hydrofoils  at  low  to  moderate  speeds  can  be 
classified  into  four  main  types.  The  first 
type  is  bubble  cavitation.  It  has  been  ob¬ 
served  on  the  NACA  16-012  hydrofoil  at 
a  =  2°  and  on  the  NACA  4412  hydrofoil  at 
a  =  0°,  2°,  4°  and  6°.  Ir.  most  of  these 
cases  the  boundary  layer  behaviour  was 
studied  and  a  laminar  boundary  layer  with, 
far  downstream,  transition  to  turbulence 
was  found  to  occur.  Bubble  cavitation  is 
the  classical  type  of  cavitation  and  has 
been  extensively  analysed  by  Knapp  and 
Hollander  [l9]  and  Plesset  [20] .  It  is  mere¬ 
ly  dependent  on  the  pressure  distribution 
and  nuclei  content.  At  high  speeds,  streak 
cavitation  or  transient  spot  cavitation  is 
observed.  Streak  cavitation  is  related  with 
small  surface  irregularities  or  dirt  parti¬ 
cles  on  the  leading  edge  of  the  hydrofoil. 
Transient  spot  cavitation  is  probably  re¬ 
lated  with  weak  spots  on  the  hydrofoil  sur¬ 
face  or  in  the  turbulent  boundary  layer 
(bursts) . 


The  second  type  observed  is  sheet  cav¬ 
itation.  This  type  has  been  noticed  on  the 
NACA  16-012  hydrofoil  at  a  =  3°,  4°  and  5° 
and  on  the  NACA  44] 2  hydrofoil  at  a  =  8°  and 
10°.  It  is  closely  related  with  the  occur¬ 
rence  of  laminar  separation  at  the  leading 
edge  of  the  hydrofoil,  with  subsequent  tran¬ 
sition  t  i  turbulence  and  reattachment.  The 
mechanism  responsible  for  this  relationship 
was  clearly  established  by  Arakeri  and 
Acosta  [l]  and  Arakeri  [rl] .  Van  der  Meulen 
[3]  compared  the  length  of  the  separation 
bubble  on  a  hemispherical  nose  with  the 
length  of  the  sheet  cavity  at  equal  Reynolds 
numbers  and  found  corresponding  values.  The 
length  of  the  sheet  cavity  on  the  hydrofoils, 
however,  is  much  larger  than  the  length  of 
the  separation  bubble.  In  Figure  37,  for  in¬ 
stance,  it  is  shown  that  the  length  of  the 
smooth  part  of  the  cavity  (the  sheet)  in¬ 
creases  without  bounds  when  c  is  decreased. 
Whether  this  is  due  to  a  more  favourable 
pressure  distribution  caused  by  the  cavity 
itself  or  to  other  factors  remains,  as  yet, 
unknown.  The  dominating  role  of  the  separa¬ 
tion  bubble  in  the  cavitation  inception 
process  is  clearly  demonstrated  by  the  flow 
and  cavitation  observations  made  with  the 
NACA  16-012  hydrofoil  at  angles  of  attack 
around  a  =  3°.  At  a  slightly  smaller  angle 
(a  =  2.9°),  a  laminar  boundary  layer  is 
found  with  normal  transition  to  turbulence 
and  the  type  of  cavitation  is  bubble  cavi¬ 
tation.  At  u  =  3°,  however,  a  separation 
bubble  occurs  and  the  type  of  cavitation  ob¬ 
served  is  sheet  (or  streak)  cavitation.  This 
type  of  cavitation  appeared  to  be  dominant, 
since  it  could  not  be  transformed  into 
bubble  cavitation  by  a  large  increase  in 
dissolued  or  free  air  content. 

The  third  type  observed  is  bubble- 
band  cavitation.  This  type  was  observed  on 
the  NACA  16-0i2  hydrofoil  at  a  =  7°  and  on 
the  NACA  4412  hydrofoil  at  a  =  16°.  These 
cases  refer  to  leading  edge  separation  with 
subsequent  transition  to  turbulence  and, 
hardly  present,  reattachment.  This  is  typi¬ 
cally  a  transitional  case  between  the  sepa¬ 
ration  bubble  and  the  unattached  free"  shear 
layer.  When  the  cavity  becomes  slightly  more 
developed,  the  downstream  part  of  the  cavity 
shows  a  cloudy  appearance. 

The  fourth  type  observed  is  cloud  cavi¬ 
tation.  This  type  was  observed  on  the  NACA 
16-012  hydrofoil  at  5  =  10°  and  12°.  The 
boundary  layer  observations  for  these  angles 
showed  the  presence  of  an  unattached  free 
shear  layer.  Transition  to  turbulence  is 
accompanied  with  the  formation  of  vortices. 
These  vortices  appear  in  the  bulk  of  the 
fluid  flow,  away  from  the  hydrofoil  surface. 
At  inception,  the  vortices  provide  the  loca¬ 
tions  for  isolated  cavities  to  be, created. 

The  continuous  formation  of  vortices  results 
in  a  formation  o4  a  large  number  of  small 
cavities  resembling  a  cloud. 

A  type  of  cavitation  usually  related 
with  the  flow  around  sharp  edges  and  not 
with  hydrofoils,  is  the  type  observed  with 
the  NACA  16-012  hydrofoil  at  a  =  16°.  The 
irregular  cavities  of  threadlike  appearance 


in  the  flow  downstream  from  the  hydrofoil 
nose  resemble  the  patterns  observed  behind 
disks  [14]  and  blunt  bodies  [l5] . 

In  conclusion,  it  is  stated  that  cavi¬ 
tation  on  hydrofoils  at  low  to  moderate 
speeds  can  be  classified  into  four  main 
types:  bubble,  sheet,  bubble-band  and  cloud 
cavitation.  Each  type  is  uniquely  related  to 
a  specific  type  of  boundary  layer  flow  be¬ 
haviour.  At  high  speeds,  the  bubble  type  of 
cavitation  transforms  into  streak  ;or  tran¬ 
sient  spot  cavitation,  whereas  the  other 
types  remain  essentially  unchanged. 
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Discussion 


B.R.  Parkin  (Pennsylvania  Stale  Univ.) 

The  author  has  presented  valuable  new 
information  on  the  relationship  between 
boundary  layer  flows  and  cavitation  forms 
on  two  hydrofoils.  These  data  will  provide 
us  with  most  useful  guidance  for  our  own 
work  in  years  to  come. 

In  this  discussion  I  wish  to  limit 
my  questions  to  only  one  aspect  of  the 
experimental  technique  related  to  the 
author's  ingenuous  use  of  slight  taper  of 
his  foils  in  order  to  mitigate  the  laser- 
beam  alignment  problem  associated  with 
purely  two  dimensional  experiments.  The 
cavitation  patterns  shown  in  Figs. 35  'and 
elsewhere  in  the’  paper  seem  to  suggest  some 
departure  from  purely  two-dimensional  flow 
in  these  experiments.  For  the  research 
carried  out  by  the  author  this  might  not  be 
a  serious  matter.  However,  in  other  appli¬ 
cations  of  tapered  foils  departure  from  two 
dimensionality  needs  to  be  quantified.  Can 
the  author  give  us  further  information  on 
this  aspect  of  his  experiments  as  far  as 
noncavitating  flow  is  concerned  ? 


H.  Murai  and  A.  Ihara  (Tohoku  univ.) 

We  would  like  to  comment  about  the 
inception  and  desinence  of  cavitation  as 
well  as  the  cavity  length  at  the  attack 
angles  of  8°  and  10°  on  NACA  4412  hydrofoil 
which  appear  in  Fig. 55  and  section  5  of  this 
paper . 

According  to  the  diagram,  the  incipient 
and  disinent  cavitation  numbers  show  larger 
values  than  -Cpm^.  This  tendency  is  dif¬ 
ferent  from  those  in  case  of  a  hemispherical 
nosed  body,  on  which  and  ad  are  smaller 
than  -Cpm  according  to  the  reference  [1]  of 
this  paper.  It  can  be  deemed  that  this  was 
caused  by  a  following  reason.  Since  the 
effective  attack  angle  is  increased  owing 
to  the  effect  of  flow  shear  near  the  wall, 
-Cpmin  in  the  neighborhood  of  corner  is 
considered  to  be  larger  than  that  at  the 
core  region.  And  the  boundary  layer  sepa¬ 
ration  near  the  corner  .may  take  place  at  a 
smaller  attack  angle  than  that  at  the  core 
region.  According  to  our  observation  in 
the  high  speed  motion  pictures,  which  have 
been  presented  at  the  twelfth  Symposium  on 
Naval  Hydrodynamics,  the  sheet  cavitation 
of  this  kind  has  taken  place  at  first  in 
the  neighborhood  of  the  corner,  and  has 
propagated  toward  the  spanwise  direction, 
to  cover  throughout  the  span  accompanied  by 
a  small  decrease  of  static  pressure.  In 
the  present  case,  as  the  aspect  ratio  of 
the  hydrofoil  is  fairly  small,  the  corner 
flow  can  affect  considerably  on  the  values 
of  ci  and  as  well  as  the  cavity  length 
compared  with  the  length  of  separation 
bubble . 


T.T.  Huang  (DTNSRDC) 

.  As  shown  in  Figs. 36  and  37  the  flow  is 
not  quite  two-dimensional  in  your  experiment. 
A  two-dimensional  flow  condition  will  be 
much  easier  and  in  fact  is  of  fundamental 
important  for  the  future  analyses  of  your 
valuable  data.  Is  it  possible  to  achieve 
a  two-dimensional  flow  condition  and  to 
eliminate  tunnel  blockage  in  your  experi¬ 
mental  set-up  ? 


V.H.  Arakeri  (Indian  Inst,  ol  Science) 


The  author  is  to  be  congratulated  for 
this  excellent  contribution.  It  is  unfor¬ 
tunate  that  the  tests  were  conducted  with 
hydrofoil  sections  having  aspect  ratio  less 
than  one.  This  could  lead  to  unknown  strong 
-three  dimensional  effects.  It  is  also 
curious  that  the  author  has  not  compared  his 
incipient  cavitation  index  measurements  with 
those  of  Kermeen  (11)  on  the  NACA  4412  hydro¬ 
foil.  For  example,  at  16°  angle  of  attack 
at  a  Reynolds  number  of  about  5  x  10s  the 
author  finds  a.  value  of  close  to  6.5. 
Whereas,  Kermeen  finds  a  value  of  3.2.  Is 
there  any  explanation  for  this  fantastic 
difference  !  In  addition,  Kermeen  finds  a 
Reynolds  number  dependence  on  his  c.  mea¬ 
surements  at  all  the  angles  of  attaik.  It 
should  further  be  noted  that  a  comparison 
of  author,  a,  or  a.  values  with  -C  -  mea¬ 
surements  of  Pinkerton  (18)  may  not^be 
appropriate  due  to  possible  three  dimen¬ 
sional  effects  in  the  authors  tests  with  a 
low  aspect  ratio  hydrofoil.  Finally,  it 
would  be  interesting  to  know  what  new  flow 
regime  has  been  found  by  the  author  on  hydro¬ 
foil  sections  studied  by  him  that  is  not 
possible  or  has  not  been  found  on  axisym- 
metric  bodies. 


Author’s  Reply 


J.H.J.  van  der  Meulen  (NSMB) 

The  author  would  like  to  thank  the 
discussers  for  their  valuable  remarks. 

All  discussers  raise  questions  about  the 
two-dimensionality  of  the  flow  in  the  ex¬ 
perimental  set-up  applied.  It  is  true  that 
deviations  from  a  two-dimensional  flow 
occur  due  to  the  presence  of  a  boundary 
layer  on  the  side  walls  and  the  slightly 
tapered  hydrofoils.  However,  the  boundary 
layer  flow  was  visualized  in  the  central 
plane  of  symmetry  for  which  the  above  in¬ 
fluences  are  believed  to  be  small.  Cavita¬ 
tion  inception  measurements  and  observa¬ 
tions  of  limited  or  moderately  developed 
cavitation  were  related  to  the  centre  sec- 
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tidns  of  the  hydrofoils  in  order  to  mini¬ 
mize  three-dimensional  effects  and  to 
obtain  direct  comparisons  with  the  boundary 
layer  flow  in  the  central  plane.  The 
author  agrees  with  the  comments  by  Prof. 
Murai  and  Dr.  ihara  that  cavitation  incep¬ 
tion  on  the  NACA  4412  hydrofoil  at  a  =  8° 
and  10°  takes  place  near  the  corners,  but 
in  the  present  experiments  inception  was 
related  to  the  centre  part  of  the  hydro¬ 
foils.  The  finding  in  Figure  55  that  the 
oi  and  od  values  for  a  =  8°  and  10°  are 
somewhat  larger  than  the  corresponding 
-cpmin  values  may  be  attributable  to  fluc¬ 
tuating  pressures  related  with  transition 
to  turbulence  of  the  separated  free  shear 
layer  followed  by  reattachment.  Referring 
to  Dr.  Huang's  question  about  tunnel  block¬ 
age,  in  the  author's  opinion  there  are  two 
possible  methods  of  reducing  blockage  ef¬ 
fects  for  the  present  test  section  config¬ 
uration.  One  method  is  to  decrease  the 
chord  length,  the  other  method  is  to  in¬ 
vestigate  thinner  hydrofoils.  Both  methods, 
however,  have  the  disadvantage  of  increas¬ 
ing  the  experimental  difficulties  involved 
in  visualizing  the  boundary  layer  flow. 

Dr.  Arakeri  raises  some  interesting 
questions  oh  the  comparison  between  the 
present  03., a  measurements  and  those  by 
Kermeen  (li)  for  the  NACA  4412  hydrofoil. 

For  o  =  16°,  the  present  03, a  values  are 
still  smaller  than  -Cpmin/  and  hysteresis 
effects  do  not  occur.  At  a  Reynolds  number 


of  about  5  x  10s,  Kermeen  (11)  found  for 
03  a  value  of  3,2,  but  for  oa  a  value  of 
11.7  I  Converted  to  the  present  test  sec¬ 
tion,  these  values  become  4 . 0  and  14.6 
respectively.  At  a  Reynolds  number  of 
about  7.5  x  10 5 ,  Kermeen  found'  03  =  5.6 
and  oa  =  7.65.  Converted  to  the  present 
test  section,  these  values  become  7.0  and 
9.55  respectively.  Hence,  the  "fantastic" 
differences  mentioned  by  Dr.  Arakeri  are 
to  be  found  within  Kermeen *s  own  measure¬ 
ments,  Apparently  they  are  due  to  nuclei 
effects  associated  with  the  presence  of 
the  resorber  in  the  C1T  high  speed  water 
tunnel.  In  the  present  experiments,  no 
Reynolds  number  dependency  is  found  for 
0  =  6°,  2°,  4°  and  6°.  in  these  easels  a 
laminar  boundary  layer  occurs  followed5  by 
natural  transition  to  turbulence.  The 
fact  that  Kermeen  (11)  did  find  a  Reynolds 
number  dependency  for  these  angles  may  have 
been  caused  by  a  lack  Of  nuclei  in  the 
oncoming  flow  so  that  the  pressure  fluctua¬ 
tions  related  with  transition  became  the 
predominant  mechanism  in  the  inception  pro¬ 
cess. 

In  the  author's  opinion,  flow  regimes 
to  be  found  on  hydrofoil  sections  that  have 
not  (yet)  been  found  on  axisymmetric  bodies 
are  :  (1)  laminar  separation  for  which  the 
distance  to  tne  stagnation  point  is  either 
small,  moderate  or  large,  whereas  for  axi¬ 
symmetric  bodies  this  distance  is  moderate, 
and  (2)  the  unattached  free  shear  layer 
leading  to  cloud  cavitation. 


The  Influence  of  Hydrofoil  Oscillation  on 
Boundary  Layer  Transition  and 
Cavitation  Noise 


Young  T.  Shen  and  Frank  B.  Peterson 

David  W.  Taylor  Naval  Ship  Research  and  Development  Center 

Bethesda,  Maryland,  U.S  A. 


ABSTRACT 

Significant  effects  of  boundary  layer  characteristics  on 
cavitation  and  the  effect  of  unsteady  cavitation  on  noise  have 
been  widely  observed  experimentally.  In  order  to  better 
understand  these  effects,  an  experiment  with  a  two-dimen¬ 
sional  hydrofoil,  under  sinusoidal  pitching  oscillation,  was  con¬ 
ducted  in  the  36-inch  water  tunnel  at  DTNSRDC.  Three  pin- 
hole-type  pressure  transducers  were  installed  on  the  foil  sur¬ 
face  to  measure  pressure  fluctuations  and  a  hydrophone  was 
used  to  measure  the  radiated  cavitation  noise.  Two  subjects 
are  discussed  in  this  paper:  1)  relationship  of  boundary  layer 
transition  and  pressure  fluctuations  with  the  hydrofoil  in 
oscillation,  and  2)  noise  generated  by  unsteady  cavitation. 

The  magnitudes  of  pressure  fluctuations  in  transition 
and  turbulent  regions  are  found  to  be  independent  of  oscilla¬ 
tion  amplitude  and  frequency.  However,  the  development  of 
boundary  layer  and  occurrence  of  transition  are  delayed  with 
an  increase  in  oscillation  frequency.  The  influence  of  hydrofoil 
oscillation  on  cavitation  inception  is  also  discussed.  With  the 
occurrence  of  leading  edge  sheet  cavitation,  a  significant  ef¬ 
fect  of  foil  oscillation  on  cavitation  noise  is  measured.  At  high 
reduced  frequencies,  extensive  cloud  cavitation  is  formed  dur¬ 
ing  the  final  phase  of  sheet  cavity  collapse  and  the  noise  level 
is  significantly  increased. 

PREFACE 

An  earlier  paper  by  the  present  authors  at  the  12th 
ONR  symposium  dealt  with  two  subjects,  the  inception  of 
cavitation  on  a  two-dimensional  foil  and  the  physics  of 
leading-edge  sheet  cavity  stability  and  subsequent  formation 
of  cloud  cavitation.  The  method  developed  to  predict  incep¬ 
tion  was  based  on  Giesing's  unsteady  airfoil  theory  and 
assumed  that  viscous  effects  were  of  secondary  importance. 
The  present  paper  will  explore  the  importance  of  the  bound¬ 
ary  layer  development.  In  addition,  as  a  continuation  of  the 
early  study  of  cavitation  instability,  the  importance  of  cloud 
cavitation  in  producing  acoustic  noise  will  be  presented. 

1.  INTRODUCTION 

Cavitation  frequently  is  unavoidable  on  the  lifting  sur¬ 


faces  of  hydrofoils  and  marine  propellers.  For  many  years, 
scientists  and  engineers  have  dealt  with  the  problems  of 
cavitation-induced  noise,  structural  vibration  and  erosion 
associated  with  the  operation  of  marine  vehicles  and  hydraulic 
equipment.  All  three  problems  are  related  to  the  inception, 
growth,  and  collapse  of  vapor  cavities.1 

Inception  of  cavitation  in  a  fluid  is  the  condition  under 
which  cavitation  is  first  detected,  either  visually  or  acoustical¬ 
ly.  It  had  often  been  assumed  that  when  making  analytical 
predictions,  cavitation  inception  occurs  immediately  after  the 
static  pressure  on  the  body  surface  becomes  equal  to  of  less 
than  the  vapor  pressure  of  the  fluid.  A  research  model,  the 
International  Towing  Tank  Conference  (ITTC)  headform, 
tested  in  different  cavitation  facilities  demonstrates  that 
cavitation  inception  on  a  given  model  can  have  many  dif¬ 
ferent  physical  forms  and  cavitation  inception  indices,  de¬ 
pending  on  the  environment  and  body  surface  condition.2-3 
Departures  of  cavitation  inception  from  the  traditional  rule 
are  attributed  to  so-called  “scale  effects.”  The  influence  of 
boundary  layer  pressure  fluctuations  on  cavitation  inception 
is  known  to  be  one  of  the  major  sources  of  scale  effect2-4 

Rouse5  showed  that  the  high  pressure  fluctuations 
generated  in  the  turbulent  shear  layer  of  a  free-jet  can  pro¬ 
duce  cavitation  at  static  pressures  which  are  higher  than 
vapor  pressure.  Daily  and  Johnson6  showed  that  pressure 
fluctuations  in  the  middle  of  a  fully  established  turbulent 
boundary  layer  can  initiate  inception.  Levkovskii  and  Chalov7 
reported  that  turbulence  in  flow  past  a  wing  causes  cavitation 
to  incept  earlier.  Recent  work  by  Arakeri  and  Acosta8-3  and 
Huang4  indicates  that  for  supercritical  Reynolds  numbers  for 
which  bodies  do  not  have  laminar  boundary  layer  separation, 
cavitation  inception  takes  place  in  the  region  of  transition 
from  laminar  to  turbulent  flow.  For  subcritical  Reynolds 
numbers,  cavitation  inception  is  found  to  occur  in  the  reat¬ 
tachment  region  following  laminar  boundary  layer  separation. 

Significant  boundary  layer  pressure  fluctuations  on 
body  surfaces  have  been  measured  by  Huang  and  Hannan10 
and  by  Arakeri11  in  the  reattachment  region  following 
laminar  separation.  In  addition,  Huang  and  Hannan  reported 
that  measured  pressure  fluctuations  in  a  natural  transition 
region  are  higher  than  fluctuations  in  a  fully  established  tur¬ 
bulent  boundary  layer  flow  by  a  factor  ranging  from  2  to  3. 
Huang  and  Peterson15  reported  that  a  significant  scale  effect 


on  cavitation  inception  induced  by  boundary-layer  pressure 
fluctuations  exists  between  full-scale  and  model  propellers 
due  to  large  differences  in  Reynolds  numbers. 

The  properties  of  the  wall  fluctuating  pressure  field 
associated  with  the  growth  of  turbulent  spots  in  a  transition 
boundary  layer  on  a  flat  plate  have  been  measured  by  DeMetz 
et  al., 13  DeMetz  and  Casarella,14  and  Gedney.15  Each  re¬ 
ported  that  pressure  fluctuations  in  the  transition  region  are 
smaller  than  those  in  the  fully  developed  turbulent  region. 
This  result  is  not  in  agreement  with  the  measurements  of 
Huang  and  Hannan.10 

A  basic  question  has  been  raised  as  to  whether  the 
boundary  layer  pressure  fluctuations  in  a  natural  transition 
region  can  be  greater  than  those  in  a  fully  established  tur¬ 
bulent  boundary  layer  region.  The  significance  of  this  point  is 
that  if  the  pressure  fluctuations  at  transition  are  greater  than 
in  the  fully  developed  turbulent  boundary  layer,  then  one  can 
expect  cavitation  to  preferentially  occur  at  the  transition  loca¬ 
tion.  In  view  of  the  significance  of  this  question  in  cavitation 
scaling,  fluctuating  pressure  measurements  for  a  two- 
dimensional  hydrofoil  are  given  in  this  paper. 

When  a  hydrofoil  operates  in  waves  or  a  propeller 
operates  behind  a  ship  hull,  the  lifting  surfaces  are  subjected 
to  temporally  and/or  spatially  varying  velocity  and  pressure 
fields  The  time  varying  pressure  field  can  be  expected  to 
have  a  significant  effect  on  the  characteristics  of  cavitation 
inception,  growth,  and  collapse.  As  a  first  approximation,  the 
unsteady  effect  on  cavitation  has  been  studied  with  oscilla¬ 
ting  hydrofoils  by  Miyata  et  al.,16  Radhi,17  Bark  and  van 
Berlekom,18  Shen  and  Peterson,19  and  van  Houten.20  The 
hydrofoil  approach  is  especially  attractive  for  simulating  a 
propeller  blade  operating  behind  an  inclined  shaft  with  the 
effective  angle  of  attack  oscillating  periodically  during  each 
cycle  of  rotation.  Available  data  demonstrate  that  the  cavi¬ 
tation-inception  angle-of-attack  at  the  leading  edge  is  differ¬ 
ent  from  inception  angles  determined  from  quasi-steady 
analysis  based  on  uniform  flow  experiments. 

Shen  and  Peterson19  showed  that  the  computed 
potential-flow  pressure  distributions  are  subject  to  a  signifi¬ 
cant  phase  shift  with  respect  to  the  foil  oscillation  angle, 
which  in  turn  influences  the  occurrence  of  cavitation  incep¬ 
tion.  As  previously  mentioned,  significant  physical  effects  of 
boundary  layer  characteristics  on  cavitation  have  been  well 
documented.  So  far  most  transition  and  boundary  layer  pres¬ 
sure  fluctuation  studies  have  been  limited  to  flat  plates  and 
headforms.  In  the  first  part  of  this  paper  the  influence  of 
oscillation  on  transition  boundary-layer  pressure  fluctuations, 
and  the  possible  effect  of  oscillation  on  cavitation  inception 
for  a  two-dimensional  hydrofoil,  will  be  presented.  As  pointed 
out  previously,  cavitation  frequently  is  unavoidable  on  the  lift¬ 
ing  surfaces  of  hydrofoils  and  marine  propellers.  In  the  sec¬ 
ond  jwrl  of  Oils  paper  the  influence  of  oscillation  on  foil 
cavitation  instability  and  noise  will  be  presented. 


2.  EXPERIMENTAL  APPARATUS  AND  TEST 
PROCEDURE 


length  c  of  24.1  cm,  a  span  of  77.5  cm  and  a  relatively  large 
leading-edge  radius.  The  maximum  thickness  to  chord  ratio  is 
10.5  percent.  The  foil  surface  was  hand  finished  within 
0.38  pm  rms  surface  smoothness. 

Pressure  transducers  were  installed  at  a  distance  of 
7.96,  24.1  and  60.3  mih  from  the  leading  edge.  These  loca¬ 
tions  correspond  to  3.3, 10,  and  25  percent  of  chord  length 
from  the  leading  edge.  Kulite  semiconductor  pressure  gages 
of  the  diaphram  type  (Model  number  LQM-10-250-305)  were 
mounted  within  a  Helmholtz  chamber  connected  to  the  foil 
surface  by  a  pinhole.  This  arrangement  permitted  measure^ 
ment  of  unsteady  surface  pressures  due  to  foil  oscillation  and 
high  frequency  pressure  fluctuations  inride  the  boundary 
layer  over  a  pressure  range  of  ±207  KPa  (±30  PSI).  In  order 
to  increase  the  spatial  resolution  in  measuring  the  local 
pressure  fluctuations  inside  the  boundary  layer,  the  diameter 
of  the  pinholes  installed  on  the  foil  surface  was  kept  at  0.31 
mm  (0.012  inches).  This  arrangement  also  reduces  the  danger 
of  cavitation  damage  to  the  pressure  transducers.  Extreme 
care  was  taken  to  fill  the  Helmholtz-type  chamber  through 
the  pinhole  under  vacuum  with  deaerated  water  to  minimize 
the  possible  occurrence  of  an  air  bubble  trapped  inside  the 
chamber.  A  flat  pressure  response  was  observed  up  to  2,000 
Hz  in  dynamic  calibration  tests.  The  calibration  procedure 
used  here  was  developed  by  the  National  Bureau  of  Stand¬ 
ards,21  modified  to  the  extent  that  water,  rather  than  silicone 
oil,  was  the  fluid  medium.  Since  it  was  very  important  to 
determine  the  relative  phase  difference  between  the  foil  angle 
and  the  pressure  gage  signals,  all  amplification  and  recording 
equipment  was  selected  to  minimize  the  introduction  of  un¬ 
wanted  phase  shifts. 

The  cavitation  noise  was  sensed  by  a  flush  mounted 
hydrophone  117  cm  downstream  from  the  foil  axis,  on  the  top 
of  the  water  tunnel’s  dose-jet  test  section.  The  hydrophone 
was  uncalibrated,  so  all  noise  measurements  are  relative  to  an 
arbitrary  level. 

2.2  Test  Section 

The  dosed-jet  test  section  of  the  36-inch  water  tunnel 
was  modified  by  the  insertion  of  sidewall  liners  to  provide 
two  flat  sides.  On  each  end  of  the  foil  a  disc  was  attached. 
This  disc  rotated  in  a  sidewall  recess;  thus  the  foil  could  be 
rotated  without  gap  cavitation  occurring  between  the  end  of 
the  foil  and  the  sidewall  of  the  tunnel.  One  sidewall  assembly 
was  fitted  with  dear  plastic  windows  to  permit  side  view 
photography. 


m  i*atic_ 
AIR  SAGS 


-foil 

OSCiuAJOR 

ARM 


ADJUSTABLE  " 
PIVOT  POINT 


2.1  Foil  and  Instrumentation 


A  foil  was  machined  from  17-4  PH  stainless  steel  in 
the  form  of  a  rectangular  wing  of  Joukowski  section  with  the 
trailing  edge  modified  to  eliminate  the  cusp.  The  offsets  are 
given  by  the  following  equation: 

y/c  =  0.04077  sin  B  -  0.02039  sin  (20)  .  n_  , 

6  -  cos-1  (1.888  x/c  -  1)  0<  x/c  <0.7945 


y/c  -  0.08590  (1  -  x/c) 


0.7945<  x/c<  1.0 


To  simulate  prototype  viscous  effects  at  the  leading  edge  as 
closely  as  possible,  the  model  was  designed  with  a  chord 
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Figure  1  —  Conceptual  Design  of  Foil  Oscillation  Mechanism 

The  foil  was  oscillated  in  pitching  motion  around  the 
quarter  chord  by  a  mechanism  whose  conceptual  design  is 
shown  in  Figure  1.  With  this  type  of  design  the  fofl  mean 


angle  (<»o)  can  be  adjusted  statically  and  the  amplitude  of  foil 
oscillation  (oi)  can  be  continuously  adjusted  between  0°  to  4° 
while  in  operation.  The  oscillation  frequencies  cover  the  range 
between  4  Hz  to  25  Hz.  Air  bags  were  installed  to  reduce  the 
fluctuating  torque  requirements  on  the  motor  drive  system. 


2.3  Data  Reduction 

Due  to  installation  of  two  sidewall  liners  in  the  test 
section,  the  tunnel  speed  was  corrected  according  to  the  area- 
ratio  rule.  The  tape-recorded  time  histories  of  foil  angle  and 
pressures  were  digitized  by  using  a  Hewlett  Packard  2100 
minicomputer  and  reduced  by  using  algorithms  implemented 
on  the  IYTNSRDC  CDC-6000  digital  computer.  The  time 
histories  were  recorded  on  one  inch  magnetic  tape  at  15  in¬ 
ches  per  second  (38  cm/s)  using  IRIG  standard  intermediate 
band  frequency  modulation  techniques.  During  digitization, 
pressure  fluctuation  data  were  filtered  using  four-pole  Butter- 
worth  bandpass  filters  that  have  a  -3  dB  signal  attentuation 
at  80  and  2,000  Hz  for  boundary  layer  pressure  fluctuations. 
The  run  lengths  used  in  the  data  reduction  were  nominally  40 
seconds.  For  the  oscillating  foil  data,  the  computer  output 
consisted  of  values  of  mean  and  standard  deviations  of  pres¬ 
sure  fluctuations. 
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Figure  2  —  Sequence  of  Ensemble  Averaging 
(From  an  unpublished  report  by  R.  Pierce,  DTNSRDC) 

The  hydrophone  signal  was  first  bandpass  filtered  bet¬ 
ween  10  kHz  and  40  kHz  to  minimize  signal  contamination 
from  noncavitation  related  sources.  This  signal  was  then 
squared  and  passed  through  an  averaging  filter  to  obtain  a 
“running  average,"  i.e.  quasi-stationary  sound  power  levels, 


p2  as  shown  in  Figure  2.  Ibis  sound  power  level  is  also.digi- 
tized  along  with  the  signals  corresponding  to  the  foil  angle-of- 
attack  and  the  mean  foil  angle.  In  order  to  obtain  the  average 
relative  sound  power,  the  digitized  signal  is  averaged  over  the 
whole  run.  In  order  to  determine  the  average  waveform  of 
the  hydrophone  signal  during  one  cycle,  a  cycle  is  defined  as 
being  initiated  and  terminated  when  the  increasing  foil  angle 
passes  through  its  mean  position.  Each  cycle  is  divided  into 
(1600/f)  time  increments,  Le.  at  a  f  =  4  Hz  oscillation  fre¬ 
quency,  400  time  increments  are  used.  The  digitized  hydro¬ 
phone  signal  in  each  time  increment  is  averaged  over  all  of 
the  cycles  in  a  run.  The  averages  in  each  of  Die  increments 
then  collectively  represent  the  average  waveform  occurring 
for  one  cycle. 


3.  BOUNDARY  LAYER  PRESSURE  FLUCTUATIONS 
ON  A  STATIONARY  FOIL 

Consider  a  steady  uniform  flow  past  a  two-dimensional 
hydrofoil.  Let  the  local  pressure  p  on  the  foil  surface  be  ex¬ 
pressed  in  the  following  way: 

p  =  Pp  +  np!  (2) 

where  p.,  is  the  mean  pressure  and  Apt  is  the  pressure  associ¬ 
ated  with  the  boundary  layer  pressure  fluctuations.  Let  Cp 
denote  local  pressure  coefficient: 

r\  _  P  ~  P°° 

^  '  ,AeV0>2  ,,, 


—  Cp,  +  ACpt 


_  Pp  —  Poo 

Cps  = 


hPi 

VseVV 


here  <?,  poo,  and  V^,  are  fluid  density,  reference  free-stream 
static  prcsouie  and  reference  free-stream  velocity,  respec¬ 
tively. 

3.1  Laminar  Boundary  Layer  Stability  Calculations 


Let  k  =  -r— —  denote  the  reduced  frequency  where  w  is 

qd 

the  circular  frequency  associated  with  foil  oscillation.  The 
limiting  case  k  -  0  corresponds  to  a  stationary  condition.  A 
uniform  flow  past  a  stationary  foil  at  an  angle-of-attack  a  of 
3.25  degrees  wall  be  considered  first  The  computed  steady 
potential  flow  pressure  distribution  for  this  foil  angle  is 
shown  in  Figure  3.  The  flow  field  to  be  measured  by  the 
pressure  gages  at  3.3, 10  and  25  percent  .chord  length  is  seen 
to  be  in  a  strong  adverse  pressure  gradient  This  feet  will  be 
shown  to  have  a  significant  effect  on  the  magnitude  of  bound¬ 
ary  layer  pressure  fluctuations.  The  prediction  of  laminar 
boundary  layer  separation  is  based  on  the  criterion  of  zero 
shear  stress.  The  Smith  disturbance  amplification  method22  is 
used  to  correlate  and  predict  flow  transition. 

Let  A/Ao  denote  the  Smith  cumulative  spatial  amplifi¬ 
cation  ratio  A  to  its  amplitude  Ao  at  the  point  of  neutral  sta¬ 
bility.  Let  Rpc  denote  the  Reynolds  number  based  on  chord 
length.  As  a  numerical  example,  the  computed  amplification 
ratio  versus  chordwise  location  xJc  is  given  in  Figure  4a  at 


Figure  3  —  Measured  and  Predicted  Pressure  Distributions 


Rne  =  1.6  x  10s-  The  Smith  cumulative  spatial  amplification 
ratio  was  computed  for  a  range  of  nondimenskmal  boundary 
layer  disturbance  frequencies  a. 


where  a  is  the  dimensional  disturbance  frequency.  Figure  4a 
shows  that  disturbances  will  be  significantly  amplified  in  the 
frequency  range  of  Q  =  1.7  x  104  to  3.2  x  1CH  which  corres¬ 
pond  to  dimensional  frequencies  of  1,250  Hzto  2,350  Ha. 
Figure  4a  also  indicates  that  the  frequency  Q  *  3,2  x  10"4  has 
tiie  largest  amplification  ratio  up  to  x/c  =  0.11.  The  free- 
stream  velocity  used  in  these  computations  is  V„>  =  6.71  m/s. 
The  same  metiiod  was  used  for  stability  calculations  at  other 
Reynolds  numbers.  The  computed  results  are  summarized  in 
Figure  4b. 


3.2  Experimental  Results 

The  experiments  with  the  foil  at  tr  *■  3.25  degrees 
were  performed  in  the  DTNSRDC  36-inch  water  tunnel.  As 
seen  in  Figure  3,  the  measurements  of  static  pressure  coeffi¬ 
cients  are  in  good  agreement  with  prediction.  At  speeds  of 
4.88, 6.71, 9.75i  13.11  aiid  14.94  meter/sec,  the  pressure 
responses  measured  at  three  foil  locations  are  grven  in 
Figures  5a  to  5e.  The  pressure  gages  located  at  3.3, 10  and 
25  percent  chord  lengths  on  the upper  surface  are  denoted  by 
P5)  P,0  and  ?ts,  respectively.  The  purpose  of  steady  runs  was 


Figure  4a  —  Computed  Amplification  Ratios  at  Foil  Angle 
a  =  3.25  deg  and  =  1.6  x  10® 


Figure  4b  —  Effect  of  Reynolds  Nambers  on  Amplification 
Ratios  ate  «  3.25  deg 
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to  provide  reference  data  to  be  used  for  comparison  with 
dynamic  runs.  Consequently,  the  test  runs  given  in  Figures 
5a  to  5e  were  conducted  with  the  oscillating  mechanism  in 
motion  and  the  oscillating  amplitude  <»i  set  to  zero  to  incor¬ 
porate  the  possible  effect  of  noise  and  vibration  on  the  meas¬ 
ured  phenomena. 
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Figure  5d  —  Measured  Pressure  Fluctuations  at  Rnc  =  3.2  x  10® 
in  a  Steady  Flow  at  a  =  3.25 
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Figure  5a  —  Measured  Pressure  Fluctuations  at  =  1.2x10® 
in  a  Steady  Flow  at  a  =  3.25 
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Figure  5e  — Measured  Pressure  Fluctuations  at  R*  *  3.6x10s 
in  a  Steady  How  at  o  «  3.25 


Figure  5b  —  Measured  Pressure  Fluctuations  atR^  =  1.6  x  10® 
in  a  Steady  Flow  at  o  =  3.25 
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Figure  5c  — Measured  Pressure  Fluctuations  at  R«  =  2.4x10® 
in  a  Steady  Flow  *t»  »  3.25 


The  energy,  spectrum  based  on  narrow  land  frequency 
analysis  from  80  to  5040  Hz  of  Run  8028  at  pressure  gage 
Pl0  is  given  in  Figure  6.  The  maximum  fluctuating  signal  at 
Pjo  corresponds  to  2650  Hz.  This  value  is  in  dose  agreement 
with  the  competed  frequency  of  the  roost  unstable  disturb¬ 
ances;  see  Figure  4a.  The  energy  spectra  of  pressure  responses 
based  on  narrow  band  frequency  analysis  were  conducted  for 
several  test  Runs.  Figure  6  shows  a  sharp  peak  at  4.7  kHz  at 
pressure  gage  P;0.  The  same  land  of  sharp  peak  at  4.7  kHz 
was  observed  in  ail  the  runs  analyzed.  A  similar  phenomenon 
was  observed  at  5.0  kHz  at  pressure  gage  Pa.  It  is  suspected 
that  this  ma  v  be  resonance  phenomenon  associated  with 
pinhole-type  pressure  gages.  The  pressure  gages  had  been 
dynamically  calibrated  up  to  2,000  Hz  with  flat  reponse.  Con¬ 
sequently,  the  data  given  in  Figures  5a  to  5e  were  bandpass 
Altered  with  4  pole  Butterworth  filters  bum  88  to  2,000  Hz. 
Burton”  has  shown  that  the  energy  spectrum  of  a  flow  field 
in  an  adverse  pressure  gradient  is  compacted  in  a  much  nar¬ 
rower  and  lower  frequent  ranges  than  fire  energy'  spectrum 
associated  with  a  flow  few  in  a  zero  pressure  gradient. 

A  comparison  of  pressure  response  measurements  and 
stability  calculations  suggests  that  the  boundary  layer  at  Pa 
(25  percent  chord  length)  for  all  the  runs  given  in  Figure  5a 
to  5e  is  fully  turbulent.  The  measured  root-mean -square  (rms) 
pressure  fluctuations  normalized  by  the  free-stream  dynamic 
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Figure  6  —  Energy  Spectrum  of  Run  8028  at  It*.  =  1.6  x  10s 

bead  are  given  in  Table  1.  The  values  of  AC<  range  between 
0.0065  to  0.011.  Burton  reported  that  the  measured  rms  pres¬ 
sure  fluctuation  coefficient  normalized  bv  die  free-stream 
dynamic  head  is  measurably  smaller  in  an  adverse  pressure 
gradient  (around  0.0078)  than  in  a  favorable  pressure  gra¬ 
dient  (around  0.010).  Huang  and  Hannan10  measured  0.015  on 
an  axisymmetric  body.  Hie  present  data  were  digitized 
through  a  bandpass  filter  from  80  to  2.000  Hz.  The  loss  of 
high  frequency  range  may  influence  the  resolutions  of  pres¬ 
sure  gage  measurements  and  underestimate  the  magnitude  of 
pressure  fluctuations. 


TABLE  1  -  ROOT-ME AN  SQUARE  BOUNDARY  LAYER 
PRESSURE  FLUCTUATIONS  AT  25  PERCENT  CHORD 
(Pa)  AND  10  PERCENT  CHORD  (Pw) 


Additionally,  Table  1  shows  that  at  a  given  location 
the  measured  pressure  fluctuation  coefficients  decrease  with 
an  increase  in  speed  Trie  same  trend  was  also  reported  by 
Baton.  Measurements  by  Ludwieg  and  TttmapS*  sheared 
fiat  the  shearing  stress  in  a  turbuent  boundary  layer  de¬ 
creased  significantly  with  an  increase  in  momentum  thickness 
Reynolds  number.  Blake®  reported  that  the  shear  stress 
rather  than  the  free  stream  dynamic  head  should  be  used  to 
collapse  the  data.  All  these  findings  suggest  that  the  bound¬ 
ary-layer  pressure  fluctuation  coefficient  to  be  used  for 
modeWuH-sosie  cavitauoo  scaling  is  not  a  uruverrd  constant, 
as  used  in  Reference  12,  bat  instead  is  a  function  of  Reynolds 
number 

StabSty  cateufatoons  at  R*  «  1.6  x  10s  show  that 
amplification  ratios  of  e*  and  e11  are  reached  at  x/c  - 
0.10, 0.13  and  0.16,  respeethrriy-  Laminar  separation  is 


predicted  to  occur  at  x/c  »  0.23.  Theoretical  computations 
suggest  that  natural  transition  from  laminar  to  turbulent 
boundary  layers  is  to  be  expected  to  occur  upstream  of  the 
laminar  separation  point  at  this  Reynolds  number.  Thus, 
natural  transition  predudes  the  possibility  of  laminar  separa¬ 
tion. 

At  a  speed  of  4.88  m/s.  Figure  5a  show’s  that  the  flow 
at  3.3  and  10  percent  chord  lengths  are  laminar.  With  an  in¬ 
crease  in  speed  to  6.71  m/s,  correspu/fiing  to  =  1.6  x  10s, 
a  strong  pressure  fluctuating  signal  with  intermittent’  is 
noticed  at  10  percent  chord;  see  Figure  5b.  The  bursting 
signal  observed  in  Figure  5b  is  related  to  natural  transition. 

It  was  found  that  the  computed  amplification  ratio  of  e6  cor¬ 
related  well  rrith  the  measured  location  of  natural  transition 
for  the  present  experimental  setup  at  It*.  =  1.6  x  10s.  For 
other  Reynolds  numbers  the  computed  locations  of  the 
amplification  ratios  of  e6  were  used  to  indicate  the  start  of 
natural  transition. 

At  a  speed  of  9.75  m/s,  corresponding  to  Rot  =  2.4  x 
10s,  the  stability  calculations  predict  an  amplification  ratio  of 
e8-5  at  Pjo-  Measured  pressure  responses  suggest  that  the 
flow  at  10  percent  chord  is  in  the  final  phase  of  transition 
with  an  intermittency  factor  dose  to  unity;  see  Figure  5c. 

The  rms  pressure  fluctuations  normalized  by  the  free-stream 
dynamic  head,  are  given  in  Table  1.  The  measured  rms  pres¬ 
sure  fluctuation  at  10  percent  chord  in  the  transition  region 
are  seen  to  be  greater  than  those  measured  at  25  percent 
chord  in  the  turbulent  region.  This  observation  is  based  on 
data  analysis  with  a  bandpass  filter  of  80  to  2,000  Hz.  In  the 
few  cases  when  the  bandpass  filter  upper  limit  increased  to 
5,040  Hz.  the  same  condusion  held. 

The  properties  of  the  wall  fluctuating  pressure  field 
associated  with  the  growth  of  turbulent  spots  in  a  natural 
transition  boundary  layer  on  a  flat  plate  have  been  measured 
by  DeMetz  et  ai./3  DeMetz  and  Casardla.14  and  Gednev.15 
They  all  report  that  the  pressure  amplitudes  in  the  wall 
pressure  field  of  individual  spots  are  approximately  equal  to 
those  in  u>e  fully  turbulent  boundary  layer  region.  As  the  in¬ 
termittency  factor  r  increases,  the  power  spectral  densities 
increase  systematically  to  a  maximum  value  in  the  fully  tur¬ 
bulent  condition.13 

P^r)  =  TP^r),  -  ;  (7) 

These  results  suggest  that  the  pressure  fluctuations  measured 
in  a  natural  transition  region  are  smaller  than  those  in  a  tur¬ 
bulent  region,  which  is  not  in  agreement  with  the  present 
measurements. 

Pressure  fluctuations  in  regions  of  natural  flow  transi¬ 
tion  on  an  axisymmetrkal  body  were  also  measured  by  Huang 
and  Hannan.10  Compared  to  tire  pressure  flucturations  meas¬ 
ured  in  a  fully  established  turbulent  region,  the  intensity  of 
pressure-  SacatatiuBS  in  the  transition  region  is  higher  than  in 
the  turbulent  region.  The  present  results  agree  with  the 
results  of  Huang  and  Hannan.  These  measurements  and  the 
present  measurements  were  made  in  flows  with  adverse  pres¬ 
sure  gradients,  whereas  the  linear  relationship  given  in  Equa¬ 
tion  f?)  is  derived  from  measurements  on  a  flat  plate  with 
zero  pressure  gradient.  It  is  suspected  that  the  cause  of  dif¬ 
ferences  in  the  two  sets  of  data  is  differences  in  the  pressure 
gradients-  This  difference  is  further  amplified  in  the  foflowing 
series  of  tests.  The  pressure  fluctuations  at  a  speed  of  13.11 
m/s,  corresponding  to  -  Z2.  x  10s,  are  given  in  Figure 
5d.  This  figure  suggests  that  the  flow  is  turbulent  at  10  per¬ 
cent  chord;  this  correlates  with  the  stability  calculations 
which  indicated  that  the  amplification  ratio  reached  about  e-' 
to  e10  at  Pi*  Figure  5d  also  suggests  that  the  location  of 
transition  has  moved  ahead  of  Pi*.  The  measured  pressure 
coefficient  at  this  speed  is  smaller  than  the  one  measured  at  a 
speed  of  9.75  m?s.  This  fact  seems  to  support  the  arganent 
that  the  pressure  fluctuation  in  a  tr  attrition  region  is  greater 


than  in  a  turbulent  region  with  an  adverse  pressure  gradient. 
A  further  increase  in  speed  to  14.94  m/s  reduces  the  pressure 
fluctuation  further  as  shown  in  Figure  5e. 

As  a  final  remark.  Figure  5d  shows  that  the  frequent¬ 
ly-occurring  large  negative  pressure  fluctuations  are  approx¬ 
imately  2.5  times  higher  than  their  rms  value  in  the  transition 
region  at  Pjq  and  2.0  times  higher  than  their  rms  value  in  the 
fully  established  turbulent  region  at  P^.  These  results  are  in 
close  agreement  with  the  Huang  and  Hannan  measure¬ 
ments.10  Huang  and  Peterson12  suggested  that  the  frequent¬ 
ly-occurring  large  negative  pressure  fluctuations  in  transition 
may  be  responsible  for  cavitation  inception  events. 


4.  BOUNDARY  LAYER  PRESSURE  FLUCTUATIONS 
WITH  FOIL  IN  OSCILLATION 

4.1  The  Oscillating  Foil 

The  foil  oscillates  sinusoidally  in  pitching  motion 
around  the  quarter  chord  point,  measured  from  the  foil 
leading  edge.  The  instantaneous  foil  angle  is  denoted  by: 

a  -  O0  +  oj  sin  (ut)  (8) 

where  *o,  *i,  and  o>  are  the  mean  foil  angle,  amplitude  of  foil 
oscillation  and  oscillation  frequency,  respectively.  Let  4 
denote  the  phase  angle  between  the  pressure  response  and 
the  instantaneous  foil  aigle.  At  a  given  location  oh  the  foil, 
the  time  dependent  local  pressure  and  pressu  re  coefficient 
are  expressed  by: 

P(t)  =  P,  +  j  PB|  sin  (cut  +  4)  +  AP- 
Cj(t)  «  Cj,  +  |  ACj-1  sin  (<st  +  4)  +  ACj; 


periodic  part  has  been  subtracted.  To  accommodate  an  oscilla¬ 
tion  cycle  of  the  foil  on  a  reasonably  seed  sheet,  the  trace 
was  processed  at  2  inches  per  second  paper  speed.  (Figures 
ha  tope  were  processed  at  10  inches  per  second  paper  speed.) 
The  first  line  from  the  top  gives  the  instantaneous  foil  angle. 
In  this  example,  the  frequency  of  foil  oscillation  is  4  Hz.  The 
Instantaneous  foD  angle  is  given  by  a  »  3.25°  +  2.1°  sin  tot. 
The  speed  is  9.75  m/s,  corresponding  to  Fti*  «=  2.4  x  10°. 
Recall  that  in  the  steady  run  to  =  3.25°)  at  ILr  =  2.4  x  ID6 
(Figure  5b),  the  flow  was  in  the  final  stage  cf  transition  at 
the  10  percent  chord  length.  The  low  amplitude  unsteady 
signal  appearing  at  3.3  percent  chord  length  is  due  to 
mechanical  noise  caused  by  the  oscillator  motion  and  the  elec¬ 
trical  noise  within  the  recording  electronics. 
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Here,  Cp,,  j  ACpel  and  AC.j  respectively  denote  mean  poten¬ 
tial  flow  pressure  coefficient,  dynamic  potential  flow  pressure 
coefficient,  and  the  unsteady  pressure  coefficient  associated 
with  boundary  layer  pressure  fluctuations.  The  objective  of 
the  work  described  here  was  to  determine  the  influence  of  foil 
oscilktion  or.  transition  and  magnitudes  of  boundary  byer 
pressure  fluctuations. 

4.2  Fit*  Description 

For  a  typical  propeller  operating  behind  an  inclined 
shaft,  the  lifting  surface  representing  a  propeller  bbde  will 
encounter  a  periodic  pressure  GekL  The  amplitude  of  pressure 
fluctuation  depends  on  the  skip  speed  and  the  mgle  of  in- 
cSm  tioo.  Angb-of-att»ck  variations  of  0.5  to  2.0  degrees  at 
the  0.7  propeller  radius  are  expected  to  represent  a  range  of 
practical  interest-  The  effect  of  unsteady  angie-of-attaek 
variations  on  lifting  surface  boundary dayer  pressure  fluctua¬ 
tions  was  investigated  by  pitching  the  previcus-V -described 
twinfimensional  faydroibd  sinusoidally. 

A  typial  oecgogiaph  pfot  of  pressure  responses  with 
the  fed  m  oscillation  is  shown  m  Figure  7.  The  data  were 
bandpass  filtered  from  80  to  2,000  Hz.  The  low  frequency 


Figure  7  —  Sample  Oscillograph  Record  at  R*  «  2.4  x  105, 
f  =  4 1»z  and  a  =  3.25  +  2.1  sin  wt 


In  order  to  describe  the  observed  change  in  transition 
location  with  foil  angle,  consider  the  pressure  response  at  25 
percent  chord  length-  Ps-  Figure  7  suggests  that  the  flow  is 
turbulent  and  that  the  location  of  transition  is  ahead  of 
when  the  foil  is  at  the  maximum  foO  angle  a  =  As  the 

foil  angle  begins  to  decrease,  the  location  of  transition  moves 
toward  the  trading  edge.  At  some  intermediate  foO  angle  a  - 
oj,  the  signals  of  pressure  fluctuations  are  intensified  and  the 
transition  is  assumed  to  occur  at  P^.  After  the  foil  readies  a 
*  the  fid  angle  begins  to  increase  and  the  movement  of 

transition  is  reversed  toward  the  leading  edge.  Finally,  the 
flow  at  Ps  becomes  fully  turbulent  again  at  a  -  *j. 

Next,  consider  the  pressure  response  at  10  percent 
chord  length,  ?i<>  In  this  example,  the  minimum  foil  angle  is 
=  1.15*.  Figure  7  suggests  that  the  flow  is  laminar  at 
Pie  when  the  foil  angle  is  at  a~..  The  location  of  transition  is 
afr  of  tiie  10  percent  chord  length.  As  the  foil  angle  begins  to 
increase,  transition  moves  forward  with  instability  occurring 
at  a  certain  foil  angle,  o  »  *].  A  further  increase  in  the  fid 
angle  produces  full  turtwlence  at  •  «  *r.  It  should  be 
remarked  that  the  pressures  at  P;ij  must  be  multiplied  by  a 
factor  of  1.15  to  account  for  difference  in  gage  sensitivities  if 
a  tfirect  comparts®  of  pressure  fluctuations  between  Ps  and 
Pi  j  are  to  be  made  on  the  ostiOogiapfc  plot.  The  flow  remains 
turbulent  when  the  fid  angle  reaches  •  -  Hus  is  follow¬ 
ed  by  a  decreases!  fid  angle.  At*  «  ,  flow  transition  oc¬ 

curs  again  at  Pu%-  A  further  decrease  in  fofl  angle  produces 
laminar  flew  at  *  ■  *j,  The  rms  pressures  at  Pit  derived 
from  Figure  7  are  given  in  Figure  8.  Figure  8  shews  that  the 
rms  value  of  tC-ti  attains  the  maximum  of  0.0155  set  the  foil 
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angle  «  =  2.6  degrees.  Figure}?  gives  a  measured  large 
regative  pressure  fluctuations  of  ACj*  =  0.042,  which  is  ap¬ 
proximately  2.7  times  higher  than  the  peak  value  (rms)  shown 
in  Figure  8.  This  result  is  in  agreement  with  the  previous  sta¬ 
tionary  runs. 


Figure  8  —  Measured  RMS  Pressure  Fluctuations  on  Run  8043 
atRne  =  2.4  x  10?  and  a  =  3.25  +  2.1  soil  cut 


4.3  Unsteady  Effects 

A  series  of  dynamic  runs  was  conducted  to  examine 
unsteady  effects  on  boundary  layer  pressure  fluctuations.  A 
fnee-stream  speed  of  =  9.75  m/s  was  used  for  this  series 
of  experiments.  The  instantaneous  foil  angle  a  is  given  by  a 
«  3-25  +  an  cot.  The  oscillation  amplitude  ci  covered  the 
range  from  0  to  2.1  degrees.  The  ostiliatior.  frequency,  f  * 
c^ZtL,  covered  the  range  from  4  to  15  Hz.  Due  to  the  in¬ 
creased  background  noise*  the  pressure  fluctuation  associated 
with  the  25  Hz  foil  oscillation  are  not  presented  here. 

Recall  the  case  «•  =  0,  corresponding  to  Run  8040  as 
given  in  Figure  5c.  The  flow  at  P3  (3^3  percent  chord  length) 
is  sc  zn  to  be  laminar.  The  flow  at  PJ0  is  seen  to  be  in  the 
final  phase  of  transition.  The  flow  at  Ps  is  seen  to  be  fully 
turb'iient. 

4.3.1  Pressure  Fluctuations  at  10  Percent 
Chord  length  (Pis) 

Ths  case  with  *t  =  0.5  degrees  is  considered  first  It 
is  remarked  that  the  flow  at  3.3  percent  chord  is  laminar 
throughout,  the  whole  series  of  runs.  Because  the  pressure 
fluctuations  in  itnamic  runs  are  non-statkmary,  the  test  data 
were  digitized  to  obtain  a  rms  value  (see  Figure  2).  The  cor¬ 
responding  rms  pressure  fluctuations  at  Pio  are  shown  in 
Figure  9  for  oscillation  frequencies  of  4, 5.5  and  15  Hz.  The 
vertical  axis  gives  rms  pressure  fluctuations  normalized  by 
the  free-stream  dynamic  head.  The  horizontal  axis  gives  the 
instantaneous  foil  angle  a  and  the  osdUatxm  angle  tut.  The 
magnitudes  of  the  pressure  fluctuations  are  seen  to  vary  with 
the  instantaneous  fofl  angles.  Figures  5c  and  9  suggest  that 
the  location  of  transition  is  sBghtiy  aft  of  Pis  at  *  »  3-25 
degrees.  As  the  foil  angles  are  increased,  transition  moves 
forward  toward  Pio-  The  measured  nrs  pressure  fluctuations 
at  Pit  are  systematically  intensified.  As  the  fofl  angle  ap- 
procches  3.60  degrees,  the  location  of  fransitioh occurs  at  Pto 
and  the  magnitude  of  pressure  fluctuations  attains  a  max¬ 
imum.  A  further  increase  in  fofl  angle  moves  the  transition 
ahead  of  P!S;  and  the  magnitude  of  pressure  fluctuations 
measured  at  Pu  is  mfcy-d.  After  the  fofl  angle  reaches 
the  fofl  angle  begim  to  decrease,  transition  moves  down¬ 
stream  toward  P^  and  the  intensity  of  pressure  fluctuations 
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measured  at  Pjg  increases  again.  At  a  foil  angle  of  about  3.25 
degrees  (<ut  •>  180  degrees),  the  location  of  transition  approx¬ 
imately  coincides  with  Pu>.  A  further  decrease  in  foil  angle 
moves  the  transitior.  location  toward  the  trailing  edge  and  the 
pressure  fluctuations  measured  at  Pio  begin  to  decrease. 
Transition  is  seen  to  pass  through  Pm  twice  in  every  cycle  of 
oscillation.  This  results  in  the  appearance  of  two  peaks  in 
pressure  fluctuations.  The  whole  seqi-er.ee  of  variation  in 
pressure  fluctuations  with  instantaneous  foil  angle  can  be 
best  illustrated  with  large  oscillation  amplitudes. 


Figure  9  —  Measured  RMS  Pressure  Fluctuations  at  Pjo  with 
Osci'lating  Amplitude  of  0.5  Degrees  and  Rnc  =  2.4  x  10s 


= 


Figure  10  —  Measured  RMS  Pressure  Fluctuations  at  Pjo  with 
Oscillating  Amplitude  of  0.97  Degrees  and  R^  «  2.4x10s 


Figure  11  —  Measured  RMS  Pressure  Fluctuations  at  P]«  with 
Oscillating  Amplitude  of  1.57  Degrees  and  R*  ■  2.4  x  10s 


Figure  12  —  Measured  RMS  Pressure  Fluctuations  at  P]0  with 
Oscillating  Amplitude  of  2.1  Degrees  and  «  2.4  x  10® 


Figures.10,  11,  and  12  give  the  rms  pressure  fluctua¬ 
tions  measured  at  P10  for  pitch  oscillation  amplitudes  of  0.97, 
1.57  and  2.10  degrees.  The  general  patterns  among  these 
figures  are  similar.  Based  on  this  series  of  experiments,  we 
can  make  the  following  observations  concerning  pressure  fluc¬ 
tuations  at  the  10-percent  chord  location: 

1.  At  the  10-percent  point  on  the  foil,  there  are  two 
peaks  of  pressure  fluctuations  associated  with  ad¬ 
vancing  and  receding  transition  locations  during 
each  cycle  of  oscillation.  The  magnitudes  of  the  rms 
pressure  amplitudes  for  both  advancing  and  reced¬ 
ing  boundary  layer  transitions  are  the  same  at  low 
values  of  oscillation  frequency  (4  and  5.6  Hz). 
However,  at  high  values  of  oscillation  frequency  (10 
and  15  Hz)  the  magnitude  associated  with  advanc¬ 
ing  transition  is  generally  greater  than  the  magni¬ 
tude  of  the  receding  transition. 

2.  The  peak  values  of  rms  pressure  fluctuations 
associated  with  advancing  transition  are  seen  to  be 
independent  of  oscillation  amplitudes  and  frequen¬ 
cies  and  they  are  almost  the  same  with  the  values 
measured  under  steady  conditions.  These  results 
provide  a  contrast  between  the  boundary  layer 
pressure  fluctuations  and  unsteady  potential  flow 
pressure  distributions.  In  the  previous  paper19  we 
showed  that  the  magnitudes  of  dynamic  pressure 
responses  of  the  potential  flow:  (first  harmonic)  de¬ 
pend  linearly  on  the  oscillation  amplitudes  and  vary 
significantly  with  oscillation  frequencies. 

3.  In  the  previous  paper,19  we  were  able  to  successful¬ 
ly  correlate  all  of  the  data  on  the  phase  relationship 
between  the  peak  of  dynamic  pressure  response  in 
the  time-varying  mean  flow  and  the  instantaneous 
foil  angle  by  use  of  the  reduced  frequency  param¬ 
eter  K.  However,  in  the  present  paper,  due  to  the 
scattering  of  the  data,  we  can  only  qualitatively 
state  that  the  locations  of  boundary  layer  transition 
are  delayed  with  an  increase  in  reduced  frequency. 

4  .  Consider  pressure  fluctuations  in  the  region  bet¬ 
ween  90  <  co  <  180  degrees.  It  was  stated  previous¬ 
ly  that  in  this  region,  transition  is  located  forward 
of  Pio  and  that  the  magnitude  of  pressure  fluctua¬ 
tions  decreases  systematically  with  increase  of 
oscillation  amplitude.  Referring  to  Figure  12,  for  an 
oscillation  amplitude  «  2.10  degrees,  the  fact 
that  the  pressure  fluctuations  remain  at  a  constant 
value  of  ACpt  a  0.005  for  90  <  cot  <  180,  indicates 
that  the  flow  is  fully  turbulent  in  this  region.  This 
value  {ACpt  “  0.005)  measured  at  Pio  is  smaller 
than  the  value  (ACpt  *  0.008)  measured  at  P25  with 
turbulent  flows  at  both  locations.  It  is  not  clear 


whether  the  magnitudes  of  adverse  pressure  gra¬ 
dients  in  these  two  locations  control  that  difference. 

5 .  Consider  the  flow  characteristics  in  the  region 
around  270  <  cot  <  360  degrees.  It  was  stated 
previously  that  the  transition  point  is  located  far  aft 
of  Piq._With  an  increase  in  amplitude  of  oscillation 
the  flow  becomes  laminar  again  at  Pjo  as  seen  in 
Figures  11  and  12  where  the  ACpt  signal  observed 
in  the  range-27C<  cot<  360  may  be  attributed  to 
noise  contamination. 


Figure  13  —  Measured  RMS  Pressure  Fluctuations  at  P25  with 
Oscillating  Amplitude  of  0.97  Degrees  and  Rnc  »  2.4  x  10p 


Figure  14  —  Measured  RMS  Pressure  Fluctuations  at  P25  with 
Oscillating  Amplitude  of  1.57  Degrees  and  Rnc  =  2.4  x  106 


Figure  15  —  Measured  RMS  Pressure  Fluctuations  at  P25  with 
Oscillating  Amplitude  of  2.1  Degrees  and  Rnc  =  2.4  x  106 
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4.3.2  Pressure  Fluctuations  at.  25  Percent  Chord  Length  (P25) 

Figures  13, 14,  and  15,  give  rms  pressure  fluctuations 
at  P25  for  oscillating  amplitudes  of  0.97, 1.57,  and  2.10 
degreesrrespec^vely.  T  flow  at  P25  is  fully  turbu'ent  with 
ai  m  0.5  degrt-  .,  (not  snowh  in  the  figures)  throughout  each 
cycle  of  oscillation.  Based  on  this  series  of  experiments,  we 
can  make  the  following  observations: 

1.  The  value  of  rms  pressure  fluctuations  in  a  fully 
established  turbulent  flow  (ACpt  «•  0.0080)  is  in¬ 
dependent  of  oscillating  amplitudes  and  frequencies. 
This  value  is  almost  identical  to  the  valuo  measured 
in  the  steady  runs. 

2.  With  an  increase  in  oscillation  amplitude,  transition 
moves  toward  P25  in  the  region  270  <  cot  <360.  The 
magnitudes  of  pressure  fluctuations  are  consequent¬ 
ly  intensified  at  P25  as  seen  in  Figure  15.  Simultan¬ 
eously,  the  flow  becomes  laminar  at  Pi0  (see  Figure 
12).  Consistent  with  the  observation  at  P10,  the  oc¬ 
currence  of  peak  pressure  Auctions  at  P25  is 
delayed  by  increasing  the  oscillation  frequency. 

3.  The  inAuence  of  advancing  and  receding  transition 
points  on  pressure  Auctuations  measured  at  P25  is 
seen  to  be  compatible  with  the  behavior  at  P10. 

4.  As  shown  in  Figures  11  to  15  boundary-layer  tran¬ 
sition  in  an  oscillating  foil  is  delayed  by  an  increase 
in  oscillation  frequency.  It  is  further  noticed  that 
the  pressure  Auctuations  in  a  transition  region 
(ACpt  =  0.016)  are  greater  than  in  a  fully  turbulent 
region  (ACP.  =  0.0080),  by  a  factor  of  2.  This  result 
is  in  agreement  with  the  observations  in  steady 
runs. 

4.4  Reynolds  Number  Effects 

Consider  a  local  Reynolds  number  RnC  based  on  chord 
length  at  the  0.7  propeller  radius.  Because  the  local  Reynolds 
number  associated  with  a  mode!  propeiier  may  vary  from  one 
test  facility  to  another,  additional  dynamic  runs  were  con¬ 
ducted  to  examine  the  effect  of  Reynolds  number  on  bound¬ 
ary  layer  pressure  Auctuations.  These  additional  runs  were 
made  at  Rnc  values  of  1.2  x  10®, 1.6  x  106  ana  3.6  x  16s.  The 
earlier  runs,  already  discussed,  were  made  at  the  R^  values 
of  2.4x10®. 

4.4.1  Pressure  Fluctuations  at  10-Percent  Chord  Length  (Pm) 

Figures  16  and  17  give  the  rms  pressure  Auctuations 
measured  at  Pm  for  R„c  =  1.6  x  10®  and  1.2  x  10®,  respective¬ 
ly.  The  examples  given  in  these  two  figures  are  for  an  oscilla¬ 
tion  amplitude  of  ay  =  2.10°.  Once.again,  tv/o  peaks  in 
pressure  Auctuations  associated  with  advancing  and  receding 
transition  locations  are  observed  for  each  cycle  of  oscillation. 
The  magnitudes  of  these  two  peaks  are  markedly  different. 
Additionally,  the  rms  magnitudes  associated  with  advancing 
transition  are  significantly  intensified  at  the  lowest  value  of 
RpC  =  1.2  x  10®,  reaching  as  high  as  10  percent  of  the 
dynamic  head.  The  ordinate  in  Figure  17  has  been  modified  to 
accommodate  the  significant  increase  in  magnitude. 

The  values  of  cumulative  spatial  amplification  ratio 
and  locations  of  laminar  separation  .computed  for  steady  fiow 
are  shown  in  Figure  18.  It  was  previously  shown  in  steady 
runs  that  the  bursting  signal  associated  with  natural  transi¬ 
tion  in  the  present  test  set-up  is  best  correlated  with  an 
amplification  ratio  of  e®.  The  chordwise  locations  for  distur¬ 
bances  to  achieve  amplification  ratios  of  e®  are  shown  in 
Figure  18  for  three  values  of  Reynolds  number.  Within  the 
range  of  foil  angles  tested,  laminar  boundsuy-layer  stability 
computations  indicate  that  natural  transition  will  occur  earlier 


than  laminar  separation  when  -  2.4  x  10®.  Or.  the  other 
hand,  laminar  separation  will  occur  prior  to  natural  transition 
at  foil  angles  above  4.8  degrees  at  Rnc  *  1.6  x  10®  and'4.2 
degrees  at  R„c  =  1.2  x  10®. 


Figure  16  —  Measured  RMS  Pressure  Fluctuations  at  Pm  with 
Oscillating  Amplitude  of  2.1  Degrees  and  R^  =  1.6  x  10® 


Figure  17  —  Measured  RMS  Pressure  Fluctuations  at  P10  with 
Oscillating  Amplitude  of  2.1  Degrees  and  Rnc  »  1-2x10® 


Figure  18  —  Chordwise  Location  of  Transition  and  Laminar 
Separation  Versus  a  and 


Figure  19  —  Measured  RMS  Pressure  Fluctuations  at  Py  with 
Three  Reynolds  Numbers  and  Oscillating  Amplitude  of 
0.97  Degrees  (f  =  10  Hz) 


In  comparison,  Figure  12  shows  the  values  ofACpt  at 
an  oscillation  amplitude  of  2.1  degrees  and  R.x  =  2,4  x  TO6- 
The  maximum  pressure  fluctuations  associated  with  advanc¬ 
ing  transition  occur  at  about  a  =  4.5  degrees  for  an  oscilla¬ 
tion  frequency  of  5.5  Hz.  Figures  4  and  18  suggest  that  the 
maximum  pressure  fluctuations  are  related  to  a  natural  tran¬ 
sition  phenomenon.  The  rms  pressure  fluctuations  due  to  ad¬ 
vancing  transition  are  ACpt  -  0.016.  On  the  other  hand,  at 
the  lowest  value  of  Rnc  examained,  Rnc  «  1.2  x  10®,  Figure  17 
shows  that  the  maximum  pressure  fluctuations  occur  at  about 
5.3  degrees  at  5.5  Hz  with  rms  pressure  fluctuations  reaching 
to  ACpt  =  0.10.  Figure  18  suggests  that  this  peak  pressure  is 
associated  with  laminar  separation.  The  same  discussion  is  ap¬ 
plicable  to  Figure  16.  The  present  result  is  agreement  with 
Huang  and  Hannan’s  finding  that  pressure  Ho.  .uations 
associated  with  laminar  separation  are  much  gi  jater  than  for 
natural  transition. 

Figures  12, 16  and  17  show  that  the  occurrence  of  ad¬ 
vancing  transition  sets  in  earlier  as  Fo>.\olds  number  in¬ 
creases.  This  trend  is  in  agreement  with  the  boundary  layer 
stability  calculations  shown  in  Figure  4  To  demonstrate  this 
fact  more  clearly,  the  pressure  fluctuations  measured  from 
three  dynamic  rune  at  Rnc  «  3.6  x  106,  2.4  x  10®  and  1.2  x 
10®  are  shown  in  Figure  19.  The  oscillation  amplitude  and  fre¬ 
quency  associated  with  this  example  are  0.97  degrees  and  10 
Hz,  respectively.  For  Rnc  -  1.2  x  10®,  peak  pressure  fluctua¬ 
tions  never  reaches  Pio.  Consequently,  only  one  major  peak 
pressure  associated  with  laminar  separation  is  noticed  m  the 
whole  cycle  of  oscillation.  In  Figure  19  the  associated  back¬ 
ground  noise  was  corrected  in  such  a  way  that  ACpt  became 
zero  in  the  laminar  flow  region.  Due  to  the  phase  shift 
associated  with  the  potential  flow  pressure  distributions  and 
the  foil  angles,  the  process  of  becoming  laminar  flow  is 
achieved  at  a  foil  angle  greater  than  emin- 


4.4.2  Pressure  Fluctuations  at  25  Percent  Chord  Length  (P^) 

Figures  20  and  21  give  rms  pressure  fluctuations 
measured  at  P25  for  Rnc  -  1.6  x  10®  and  1.2  x  10®,  respective¬ 
ly.  These  two  figures  support  the  previous  observation.that 
ACpt  in  a  fully  established  turbulent  region  is  independent  of 
oscillation  frequency.  The  same  conclusion  may  be  drawn 
from  Figure  22.  Additionally,  the  values  of  ACpt  are  seen  to 
increase  with  decreasing  Reynolds  numbers. 
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Figure  20  —  Measured  RMS  Pressure  Fluctuations  at  P25  with 
Oscillating  Amplitude  of  2.1  Degrees  and  Rnc  -  1.6  x  10® 
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Figure  21  —  Measured  RMS  Pressure  Fluctuations  at  P25  with 
Oscillating  Amplitude  of  2.1  Degrees  and  Rnc  =  1.2  x  10s 
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Figure  22  —  Measured  RMS  Pressure  Fluctuation*  -it  S™,  with 
Three  Reynolds  Numbers  and  Oscillating  Amplitude  of 
0.97  Degrees  (f  =  10  Hz) 


herent  in  the  cavitation  scaling  law;  namely  that  the  pressure 
scales  with  velocity  squared  and  the  critical  pressure  for  in¬ 
ception  is  the  vapor  pressure.  In  practice,  these  two  factors 
are  interrelated,  since  the  critical  pressure  is  a  function  of  the 
time  scale  of  the  pressure  field.  Consequently,  depending  on 
the  cavitation  resistance  of  the  liquid,  cavitation  inception  on 
the  model  may  occur  either  (aj  at  the  location  of  Cp^,  or  (b) 
in  the  natural  transition  or  laminar  separation  region  of  the 
model.12 

5.1  Cavitation  Inception  at  Cp^ 

We  will  first  consider  the  case  when  cavitation  incep¬ 
tion  on  the  model  occurs  at  the  location  of  Cp^.  Since  the 
magnitude  of  pressure  fluctuations  associated  with  a  laminar 
flow  is  essentially  zero,  the  present  experiments  show  that 
the  flow  at  3.3  percent  chord  length  is  laminar  for  all  of  the 
dynamic  runs  so  that  ^CP^  =  0.  Theoretical  computations  a  = 
3.25°  show  that  occurs  around  x/c  -  0.018;  see  Figure 
3.  Thus,  Equation  (9)  reduces  to: 

Cp(t)  =  Cps  +  Cpu(t)  ^  ^ 

for  0<x/cs  0.033 

c  Cps  +  I  ACpu|  sin  (ait  +  () 
where  |  ACpu|  and  4  are  the  amplitude  and  phase  angle. 

An  earlier  series  of  experiments  conducted  by  Shen 
and  Peterson19  reported  measured  values  of  tlie  dynamic 
pressure  coefficient  C^t).  Fully  wetted,  time  dependent,  ex¬ 
perimental  pressure  distributions  were  compared  with  results 
from  Giesing’s  method27  for  calculating  unsteady  potential 
flow.  Good  correlation  between  the  predictions  and  the  ex¬ 
perimental  measurements  was  obtained  for  both  dynamic 
pressure  amplitude  and  phase  angle  within  the  range  of 
reduced  frequencies  investigated  (K  =  0.23  to  2.30) 

Let  <r„  and  <r,u  denote  the  steady  and  unsteady  incep¬ 
tion  angles,  respectively.  Let  4(K)  be  the  ratio  of  dynamic 
angular  pressure  gradient  (dCp/duX,  versus  static  angular 
pressure  gradient  (dCp/dn),  at  a  given  location  on  the  foil, 
namely: 

sx>  -(f).  /(§), '  <13> 

Based  <o>  Equation  (12),  Shen  and  Peterson  showed  that 
the  unsteady  i.'-v-^tion 

angle  for  a  i'v,  cn  reduced  frequency  K  can  be  obtained  from: 


trra  =*  ®o  +  (<rB  -  #o) 


5.  INFLUENCE  OF  HYDROFOIL  OSCILLATION  ON 
CAVITATION  INCEPTION 

Let  a  denote  the  vapor  cavitation  number: 

-  Pv  /ini 

0  XOTJ  (10) 

where  Pv  is  the  vapor  pressure.  If  thermodynamic  equilibrium 
prevails,  then 

®  (ID 

at  . cavitation  inception  in  pure  fluids.2  In  practice  significant 
deviation  from  thus  equation  has  been  widely  observed  in  the 
model  cavitation  tests.  Arndt26  stated  that  the  so-called  scale 
effects  are  due  to  deviations  in  two  basic  assumptions  in- 


-®i  sin  +\/l  - 


/°~a  ~  Op\2 

a  /  (•ii‘0) 


The  Shen  and  Peterson19  experimental  results  showed  that 
cavitation  inception  always. initiated  around  x/c  «  0.02;  This 
result  is  in  good  agreement  with  tiie  assumption  that  cavita¬ 
tion  inception  occurs  at  the  location  of  C^.  Due  to  a  phase 
shift  in  the  pressure  distribution,  a  significant  delay  in  incep¬ 
tion  of  leading  edge  cavitation  was  observed  with  the  foil  in 
oscillation.  It  was  concluded19  that  the  influence  of  hydrofoil 
oscillation  on  inception  at  of  leading  edge  sheet  cavita¬ 
tion  can  be  reasonably  predicted  by  Equation  (14).  ^  „ 

It  is  remarked  that  full-scale  propellers  are  generally 
associated  with  high  Reynolds  numbers.  The  locations  of  _ 
boundary  layer  transition  and  (Xw,  may  be  coincided.12  In 


this  case,  the  pressure  fluctuation  term  ACp-.  must  be  add¬ 
ed  in  Equation  (12). 
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5.2  Cavitation  Inception  at  Transition 

We  now  consider  the  second  case,  when  cavitation  in¬ 
ception  occurs  in  the  transition  region  of  the  model.  Aside 
from  the  pressure  field,  cavitation  also  requires  a  time  scale 
in  order  for  nuclei  to  grow.  Experiments  on  axisymmetrical 
bodies  by  Arakeri  and  Acosta, 9  and  Huang4  showed  that 
cavitation  inception  can  occur  in  the  boundary  layer  transi¬ 
tion  region  when  the  value  of(-Cpj  -  ACpt)  is  smaller  than 
— Cpmm*  Huang  and  Peterson12  in  dealing  with  steady  cavita¬ 
tion  assumed  that: 

°iM  *“Cptr  —  ACpt 

where  oa*  and  Cptr  are  model  cavitation  inception  numbers 
and  potential  flow-pressure  coefficients,  respectively.  On  the 
other  hand  cavitation  inception  at  full  siale  was  assumed  to 
occur  when  qp  =  -Cp^.  The  difference  in  these  two 
assumptions  is  due  to  time  scale  associated  with  bubble 
growth  and  flow  regime  associated  with  boundary  layer 
pressure  fluctuations. 

Consider  a  previously  discussed  dynamic  run  with  an 
oscillation  amplitude  of  1.57  deg,  frequency  of  5.5  Hz  and 
free-stream  speed  of  9.75  m/s,  corresponding  to  R„.  *  2.4  x 
106  and  k  *=  0.432.  This  is  a  typical  value  of  K  for  a  surface 
ship  propeller  if  the  chord  len^h  at  0.7  radius  is  used  as  the 
characteristic  length.  The  computed  unsteady  potential  flow 
pressure  coefficients  C,«  +  Cpo(t)  are  shown  in  Figure  23  for 
several  values  of  cot;  see  Table  2.  The  computations  are  based 
on  Giesi.og’s  non-linear  unsteady  potential  flow  theory.27 
Recall  that  <r  =  3.25  +  1.57  sin  cot;  For  purposes  of  com¬ 
parison,  the  dynamic  and  static  pressure  distributions  are 
shown' in  Figure  24.  This  figure  gives  a  =  4.0  degrees  at  cot 
'*  30  degrees.  At  the  same  foil-geometric  angle,  due  to  the 
phase  lag,  the  magnitude  of  the  dynamic  pressures  is  notice¬ 
ably  smsdlsr  than  the  static  pressures  near  the  leading  edge. 
This  result  supports  the  experimental  finding1*  that  leading 
edge  sheet  cavitation  is  delayed  with  the  fofl  in  oscillation;  see 
Equation  (14).  The  same  trend  has  also  been  reported  for 
aerodynamic  stall.28 

Figure  5c  suggests  that  the  flow  is  in  the  final  stage  of 
transition  at  10  percent  chord,  PlQ  for  Rnc  =  2.4  x  106. 

Figure  11  shows  that  the  pressure  fluctuations  due  to  advanc¬ 
ing  transition  attain  a  maximum  value  ac  Pi0  around  cot  »  30 
degrees.  The  measured  rms  pressure  fluctuations  give  ACpt  = 
0.0145.  Figure  7  shows  that  the  measured  frequently- 
oceuring  large  negative  pressure  fluctuations  are  approx-, 
imately  2.7  times.larger  than  the  rms  value  in  the  transition 
region.  If  cavitation  occurs  at  the  natural  transitionpoint  of 
the  model,  we  have  «  0.98  +  0.04  -  1.02.  A  much  higher 
value  of  ACpt  =  0.25  may  be  used  if  transition  is  caused  by 
laminar  separation.  This  value  of  is  smaller  than  the  value 
of -Cp^.  In  the  previous  cavitation  tests  reported  in 
Reference  19  with  leading  edge  sheet  cavitation,  inception 
always  occurred  near  the  location  of  Cp^.  However,  cavita¬ 
tion  inception  on  axisymmetric  bodies  by  Arakeri  and  Acosta, 
and  Hyapg,  did  occur  in  the  transition  region  where  the  quan¬ 
tity  (-Cptr  -  ACpt)  is  still  smaller  than  -Cp^. 

Further  studies  required  notably;  in  three  areas  to 
determine:  (1)  why  the  magnitude  of  pressure  fluctuation 
terms  associated  with  natural  transition  and  laminar  separa¬ 
tion  are  smaller  in  the  present  measurements  than  the  values 
measured  by  Huang  arid  Hannan’-0  with  different  in¬ 
struments;  (2)  theoretically,  how  the  location  of  transition 
moves  periodically  with  the  foil  in  oscillation:  and  (3)  the 
validity  of  the  assumption  used  above  that  the  location  of 
transition  measured  at  a  steady  mean  foO  angle  is  the  critical 
location  to  trigger  cavitation  inception  when  the  foil  is  in 
oscillation.  This  assumption  requires  further  verification. 

Two  different  types  of  cavitation  inception  phenomena 
have  been  considered  in  this  study.  One  typeisassociated 
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Figure  23  —  Dynamic  Pressure  Distributions  with  a  «=  3.25 
+  1.57  sin  tot 
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TABLE  2  -  DYNAMIC  PRESSURE  COEFFICIENT  C^t) 

with  cavitation  inception  at  the  location  of  C1MlIn.  The  other 
type  is  associated  with  cavitation  inception  in  the  transition 
region.  Headform  experiments  by  Arakeri  and  Acosta,9  and 
Huang1  were  correlated  with  the  second  type  of  cavitation  in¬ 
ception.  On  the  other  hand,  the  leading-edge  sheet  cavitation 
on  a  hydrofoil  observed  by  the  present  authors  corresponds  to 
the  first  type  of  inception.  It  is  possible  that  a  cambered 


hydrofoil  with  a  smaller  angle-of-attack,  namely  with  a  less 
severe  suction  pressure  peak,  could  encounter  cavitation  in¬ 
ception  at  transition  as  observed  by  Kuiper29  in  his  model 
propeller  experiments. 

Due  to  the  existence  of  these  two  different  types  of 
cavitation  inception,  Huang  and  Peterson12  computed  a 
significant  scale  effect.  They  provided  a  method  for  correc¬ 
ting  model/full-scale  propeller  cavitation  scaling  in  a  steady 
flow.  The  present  work  is  intended  to  provide  needed  infor¬ 
mation  to  compute  cavitation  scaling  corrections  iii  unsteady 
flow.  It  is  shown  that  a  diagram  of  mean  pressure  coefficient, 
Cpj  and  low  frequency  dynamic  pressure  coefficient,  Cpt(t) 
versus  chordwise  location  must  be  constructed  first.  Second¬ 
ly,  the  location  of  boundary  layer  transition  with  the  foil  in 
oscillation  must  be  determined  either  theoretically  or  ex¬ 
perimentally.  Thirdly,  the  magnitude  of  boundary  layer 
pressure  fluctuations  associated  with  frequently  occurring 
negative  pressure  is  determined.  The  selection  of  this 
magnitude  depends  on  the  Reynolds  number  and  amplitude  of 
oscillation  angles  v.r-  shown  in  Figures  8  to  24. 


Figure  24  «-  Comparison  of  Dynamic  and  Statis  Pressure 
Distributions  at  a  =  4.0  Degrees 


6.  CAVITATION  INSTABILITY  AND  NOISE 
6.1  Foil  Oscillation  and  Oloud  Cavitation 

Unsteady  sheet  cavitation  has  been  recently  reviewed 
by  the  15th  ITTC  Cavitation  Committee.  The  emphasis  of  this 
portion  of  the  paper  is  on  the  salient  features  of  sheet  cavity 
instability.  Tanib'ayashi30  provided  an  insight  into  the  subject 
with  his  description  of  cavitation  on  a  propeller  in  both  uni¬ 
form  and  nonuniform  flow.  He  concluded  that  the  presence  of 
sheet  and  bubble  cavitation  in  nonuniform  flow  can  be 
predicted  by  quasi-steady  methods,  but  that  the  collapse  proc¬ 
ess  cannnot  be  predicted.  Unfortunately,  the  details  of  the 
collapse  process  are  the  controlling  factor  in  erosion,  noise, 
and  induced  structural  vibration.  When  the  sheet  cavity  pro¬ 
duces  “cloud"  cavitation,  erosion,  noise  and  vibration  are 
observed  to  significantly  increase  in  magnitude.  For  example, 
Chiba  and  Hoshimo31  found  that  the  induced  hull  pressure 
had  superimposed  upon  it  pressure  impulses  produced  by  the 
cloud  cavitation  formed  from  the  breakup  of  the  propeller 
sheet  cavity.  A  physical  description  of  cloud  cavitation  and  its 
formation  has  been  given  as  follows:19 

1.  A  large  portion  of  the  sheet  cavity  becomes  highly 
distorted  and  undergoes  a  significant  increase  of 
overall  cavity  height  in  the  distorted  region. 

2.  Once  this  distorted  region  begins  to  separate  from 
the  main  part  of  the  sheet  cavity,  the  upstream  por¬ 
tion  of  the  sheet  cavity  develops  a  smooth  surface 
and  reduced  thickness. 

3.  The  separated  portion  of  the  sheet  develops  the  ap¬ 
pearance  of  a  cloud  and  moves  downstream  and  ex¬ 
pands  away  from  the  foil  surface.  The  trailing  edge 
of  the  smooth-surfaced  region  then  moves  down¬ 
stream,  becomes  unstable  at  its  trailing  edge,  and 
quickly  develops  the  characteristic  appearance  of 
the  leading  edge  sheet  cavity  elsewhere  along  the 
span.  Alternately,  the  trailing  edge  of  the  smooth 
portion  of  the  sheet  cavity  moves  upstream  to  the 
foil  leading  edge  as  tile  cavity  collapses  and  disap¬ 
pears.  Photographs  depicting  this  process  can  be 
found  in  reference  19. 

I  to, 32  reporting  one  of  the  first  detailed  experiments 
on  the  subject,  compared  unsteady  cavitation  on  propellers  in 
a  wake  field  with  pitching  three  dimensional  hydrofoils.  He 
concluded  that  the  reduced  frequency  for  the  blade  dement  of 
a  propeller  in  a  wake  field  has  an  important  influence  on  the 
formation  of  cloud  cavitation.  The  implication  of  Ito’s  work  is 
that  the  wake  field  and  the  propeller  should  be  considered 
together  to  minimize  the  adverse  effects  due  to  the  formation 
of  cloud  cavitation. 

Later  work  by  Miyata,  et  al.16  with  oscillating  two- 
dimensional  hydrofoils  instrumented  with  surface  mounted 
pressure  gages  showed  that  unsteady  wing  theory  was  useful 
in  explaining  the  relationship  between  the  time-dependent 
pressure  distribution  and  cavitation.  They  concluded  that  the 
cavity  collapse  process  is  strongly  influenced  by  the  unsteadi¬ 
ness  of  the  pressure  field  and  the  reduced  frequency 
associated  with  foil  oscillation. 

The  present  authors19  provided  further  details  on  the 
instability  of  sheet  cavitation  and  the  formation  of  cloud 
cavitation.  Their  experiments  were  done  with  an  oscillating 
two  dimensional  hydrofoil  over  a  Reynolds  number  range 
from  1.2  x  10®  to  3.6  x  106  and  reduced  frequencies  up  to  2.3, 
The  results  indicated  that  the  principal  controlling  param¬ 
eters  were  reduced  frequency,  K,  cavitation  number,  o,  and 
foQ  oscillation  amplitude,  »i.  The  maximum  cavity  length, 
ljc,  is  a  function  of  these  three  parameters  and  cannot  be 
predicted  on  the  baas  of  K  =  0  conditions.  The  role  of  reduc¬ 
ed  frequency  can  be  demonstrated  in  the  following  example. 
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For  constant  o,  it  is  possible  to  have  marginal  or  .no  cloud 
cavitation  at  some  finite  K,  even  though  it  was  present  at  the 
maximum  unsteady  angle  when  K  =  0. 

The  importance  of  reduced  frequency  has  also  been 
shown  by  Matveyev  and  Gorshkoff.33  They  reported  that  for 
propellers  in  a  uniform  flow  field,  sheet  cavitation  was  less 
noisy  than  bubble  cavitation.  However,  when  the  propellers 
were  in  a  nonuniform  flow  field,  the  sheet  cavities  become 
more  unsteady  and  sheet  cavitation  then  was  noisier  than 
bubble  cavitation.  As  the  work  of  Matveyev  and  Gorshkoff 
points  out,  it  is  of  crucial  importance  that  a  similarity  in 
cavitation  time  history  exist  between  model  and  full  scale. 

The  noise  scaling  relations  assume  this  similarity  as  a  founda¬ 
tion  and  thus  the  importance  of  work  such  as  reported  by 
Bark  and  van  Berlekom18  is  reenforced. 

Bark  and  van  Berlekom  tried  to  assess  the  cavitation 
noise  produced  by  a  propeller  in  nonuniform  flow  by  studying 
the  cavitation  noise  generated  by  a  pitching  hydrofoil.  Bakd 
on  a  correlation  of  photos  of  cavity  life  cycles  and  their 
associated  rad'ated  noise,  they  concluded  that  good  simulation 
of  specific  events  is  important  and  that  these  important 
events  are  not  generally  described  by  simple  parameters  (e.g. 
collapse  time,  Tc;  variation  of  cavity  area  with  time,  Aft);  and 
maximum  cavity  volume,  !/,„»).  One  of  the  most  important 
aspects  of  the  process  is  the  separation  of  the  cavity  (i.e. 
cloud  cavitation  formation)  which  must  be  correctly  scaled. 
They  found  that  cloud  cavitation  formation  can  occur  at  an 
early  stage  of  the  sheet  cavity  collapse.  Furthermore,  in 
agreement  Iwith  the  results  of  the  present  authors19  a  com¬ 
bination  of  long  (chord wise)  cavity  length  and  high  reduced 
frequency  causes  extensive  cloud  cavitation.  As  can  be  con¬ 
cluded  from  the  data  presented  in  their  paper,  large  noise 
transients  were  associated  with  the  cloud  cavitation. 


6.2  Cloud  Cavitation  and  Noise 

The  observed  phenomena  to  be  discussed  in  this  paper 
can  best  be  described  by  reference  to  examples  shown  in 
Figure  25.  Table  3  summarizes  all  of  the  parameters 
associated  with  ti«-  tests  reported  hcrc.TG  limit  the  scope  of 
the  test  program,  air  content  of  the  water  was  not  varied. 

The  air  content  was  measured  with  70  percent  saturation  in 
reference  to  atmospheric  pressure  at  a  water  temperature  of 
22.2°C  and  tunnel  pressure  of  103.6  KFa.  For  a  velocity  of 
16.4  m/s,  «  *=j}.25  +  0.95  sin  tot,  o  =  1.21,  a  plot  of  relative 
sound  power  P2  versus  K  shows  the  existence  of  a  “noise  4 
bucket.”  When  o  ■  4.3°  and  K  =  0,  extensive  cloud  cavita¬ 
tion  is  developing  from  the  sheet  cavity  and  the  noise  level  is 
high.  As  the  foil  is  oscillated,  a  leading  edge  sheet  cavity  ex- 
periences  an  inception,  growth,  and  collapse  cycle  related  to 
the  impressed  pressure  distribution  of  the  foD.  At  low  reduc¬ 
ed  frequencies  no  cloud  cavitation  is  produced,  the  sheet  cavi¬ 
ty  collapses  toward  the  foil  leading  edge,  and  there  is  z 
significant  reduction  in  the  noise  relative  to  the  condition  of  a 
=  4.3  and  K  =  0.  As  the  reduced  frequency  is  increased  fur¬ 
ther,  a  cloud  cavity  is  produced  during  the  collapse  of  the 
sheet  cavity  and  the  noise  level  again  increases  due  to  cloud 
cavitation  collapses.  This  variation  in  P2  as  a  function  of  foil 
angle  is  shown  in  oscillograph  records,  Figure  26,  for  2  foil 
oscillation  periods  and  in  Figure  27  as  a  mean  noise  variation 
based  on  the  average  of  the  cycles  occurring  in  a  40  second 
period. 

Figure  25  also  presents  data  that  demonstrate  the 
strong  dependence  of  P2  on  the  water  velocity.  For  a  =  4.3, 

K  =  0,  and  o  -  1.13,  heavy  cloud  cavitation  is  present  and 
the  noise  level  increases  by  a  nominal  factor  of  30  when  the 
velocity  is  increased  from  11.5  m/s  to  16.4  m/s.  Once  foil 
oscillation  starts  the  amount  of  cloud  cavitation  is  significant¬ 
ly  reduced  and  the  velocity  difference  appears  to  have  far  less 
impact  on  the  radiated  noise.  At  large  K  when  the  cloud 
cavitation  is  produced  upon  sheet  cavity  desinence)  the 


Figure  25  —  Influence  of  V*  and  Reduced  Frequency  on 
Relative  Sound  Power  for  o  «  3.25  +  0.95  sin  cut 


strong  influence  of  velocity  is  again  apparent. 

The  influence  of  velocity  on  the  radiated  sound  power 
is  just  as  dramatic  when  the  amplitude  of  oscillation  is  in¬ 
creased  from  0.95  to  1.55  degrees,  keeping  o  constant,  as 
shown  in  Figure  28.  There  it  is  seen  that  with  the  larger 
amplitude  of  oscillation  cloud  cavitation  is  present  over  the 
fell  range  of  reduced  frequencies.  Although  the  violence 
associated  with  the  cloud  cavitation  at  huge  reduced  frequen¬ 
cies  limited  the  ability  to  collect  data,  it  is  apparent  that  P2 
has  a  strong  dependence  on  K  when  the  cloud  cavitation  is 
present  Reference  to  Figure  25  shows  that  this  latter  effect 
is  not  present  when  little  or  no  cloud  cavitation  is  present 
The  variation  in  P2  during  the  foil  osculation  period  is  shown 
by  oscillograph  records  in  Figure  29  and  as  a  mean  variation 
based  on  the  average  of  the  cycles  occurring  in  a  40  second 
period  in  Figure  30.  Based  on  the  limited  data  presented  in 
Figures  25  to  30,  it  appears  that  for  cloud  cavitation  _ 
originating  from  an  unstable  leading-edge  sheet  cavity  P2  ~ 
V$o  when  o,  K,  e®,  «i  are  constant 

The  maximum  cavity  volume,  area  coverage,  etc.,  of  a 
leading  edge  sheet  cavity  have  in  the  past  been  tied  as 
parameters  associated  with  the  magnitudes  of  the  cavitation 
noise.  Figure  31  presents  the  maximum  length  achieved  by 
the  leading  edge  sheet  cavity  as  a  function  of  the  reduced  fre¬ 
quency.  From  thee  data  and  the  noise  data  of  Figure  25,  it  is 
clear  that  the  maximum  cavity  length  has  essentially  no  cor- 


x»  u  u  u  a  m 

KM.  ANGLE  M*fl 


TABLE  3 -TEST  RUN  NUMBERS  AND 
ASSOCIATED  PARAMETERS 


Figure  27  —  Rektive  Socnd  Power  P*(*)  as  a  Fsa 
Foil  Angle  for  Rons  1411  to  14i6  with 
os,  I«  &oy  for  Sheet  Cavitation 


RELATIVE  SOUND  POWER  P*IOVER  10TO  40  kHl) 


Figure  28  —  Influence  of  V*,  and  Reduced  Frequency  on 
Relative  Sound  Power  for  a  ■  3-25  +  1.55  sin  cot 


RUN  NO.  1401 


Figure  30  —  Relative  Sound  Power  !%»)  as  a  Function  of  Foil 
Angle  for  Runs  1401  to  1406 


Figure  31  —  Measured  Maximum  Cavity  Length 
vs.  Reduced  Frequency 


Figure  29  —  Cavitation  Noise  Signals  V P2  and  Foil  Angies 
foe  Runs  1401  and  1406, »  -  325  +  1.55  sin  ot 


Figure 32 — Measured  Foil  Angles  at  Maximum  Lift,  Maximum 
Cavity  Length,  Noise  Peak  and  Leading  Edge  Sheet 
Cavity  Desinence  for  Runs  1401  to  1406 
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In  manyjnstances,  partially  cavitating  hydrofoils  are 
subjected  to  conditions  that  can  be  effectively  simulated  by 
small  amplitude  oseillation  during  which  the  leading  edge 
sheet  cavitation  is  continuously  present  Based  ori  results  for 
the  intermittent  sheet  cavity,  it  is  known  that  sheet  cavity 
stability,  and  hence  propensity  to  produce  cloud  cavitation,  is 
dependent  on  the  reduced  frequency.  The,  noise  level  variation 
associated  with  this  type  of  cavitation  is  found  in  Figure  33. 

As  with  intermittent  sheet  cavitation,  the  noise  level  is  low 
when  cloud  cavitation  is  not  present.  Once  cloud  cavitation 
forms,  then  there  is  a  dramatic  increase  in  the  mean  sound 
power  level  and  in  the  time  variation  of  sound  power  level,  as 
shown  in  Figures  33  and  34  respectively.  It  is  apparent  from 
these  results  that  the  desinent  condition  for  the  sheet  cavity 
is  not  required  for  high  radiated  noise  levels,  but  rather  the 
existence  of  conditions  that  promote  the  formation  of  cloud 
cavitation. 

If  a  leading  edge  sheet  cavity  is  considered  as  similar 
to  separated  flow  at  a  foil’s  leading  edge,  then  some  parallels 
can  be  drawn  with  the  vast  body  of  recently  published  data 
on  dynamic  stall.  For  example,  the  following  conclusion  from 
McAlister  and  Carr34  closely  parallels  the  description  of  cavi¬ 
ty  stability  given  by  Shen  and  Peterson.^ 

“The  free-shear  layer  that  was  created  between  the 
region  of  reversed  flow  and  the  invisdd  stream  was  not 
stable.  This  instability  resulted  in  a  transformation  of  the 
free-shear  layer  into  a  multitude  of  discrete  clockwise  vor¬ 
tices,  'out  of  which  emerged  a  dominant  "shear-layer 
vortex*.’’  McAlister  and  Carr  go  on  to  further  describe  the 
upstream  movement  of  a  thin  layer  of  reversed  flow  along  the 
foil  surface.  When  this  reversed  flow  reached  the  leading 
edge,  "...  a  protuberance  appeared  over  the  first  6  percent 
of  the  surface  in  response  to  the  sudden  influx  of  fluid.  This 
protuberance  grew  and  eventually  developed  into  the  ‘dynamic- 
stall  vortex’  that  has  been  observed  in  high  Reynolds  number 
experiments.”  This  dynamic  stall  vortex  moves  downstream 
and  away  from  the  airfoil  surface  just  as  cloud  cavitation  does 
on  a  cavitating  hydrofoil.  Furthermore,  if  the  location  of  flow 
reversal  is  plotted  against  airfoil  angle,34  it  is  seen  that  foil 
oscillation  p.e.  K  »  0.25)  will  suppress  the  forward  movement 
of  the  reversed  flow  region.  This  is  again  similar  to  the  cavity 
stabilization  at  low  reduced  frequencies  relative  to  the  sta¬ 
tionary  hydrofoil. 

These  types  of  analogies  must  be  used  with  great  care. 
For  example,  one  of  the  conclusions  of  Tehonis  and  KoromflasK 
from  their  study  of  unsteady  laminar  separation  is  that 
separation  is  not  affected  by  the  amplitude  of  oscillation.  The 
parallel  with  cavitating  flows  may  break  down  here  due  to, 
among  other  reasons,  the  inertial  considerations  of  growing 
cavities.  Telionis  and  KoromUas  also  have  concluded  that  for 
finite  oscillation  frequencies,  the  point  of  reverse  flow  is 
shifted  downstream  from  the  quasi-steady  location. 

7.  CONCLUDING  REMARKS 

Depending  on  the  cavitation  resistance  of  the  liquid, 
cavitation  inception  on  a  model  may  occur  either  (1)  at  the 
location  of  Cp^,  or  (2)  in  the  transition  region  of  the  model. 
In  the  present  experiments  for  a  hydrofoil  with  a  lar^c  suc¬ 
tion  peak,  leading  edge  sheet  cavitation  was  observed  to  take 
place  at  C(taitl.  In  this  case,  the  boundary  layer  was  laminar  at 
the  location  of  Cp^  and  an  unsteady  potential  flow  theory 
was  shown  to  provide  a  good  correlation  between  prediction 
and  experimental  measurements  of  cavitation  inception. 

For  the  case  of  cavitation  occurring  in  a  transition 
region,  it  is  shown  that  a  diagram  of  mean  pressure  coeffici¬ 
ent  and  low  frequency  dynamic  pressure  coefficient  versus 
chord  wise  location  must  be  constructed  first  Secondly,  the 
location  of  boundary  layer  transition  with  the  foil  in  oscilla¬ 
tion  must  be  determined  either  theoretically  or  experimental¬ 
ly.  Thirdly,  the  magnitude  of  boundary  layer  pressure  fluctua- 
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Figure  33  —  Relative  Sound  Pressure  P2  Over  One  Cycle  for  a 
Continuously  Cavitating  Hydrofoil 
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Figure  34  —  Cavitation  Noise  Signals  Vp2  and  Foil  Angles 
for  Runs  1510  and  1515, «  -  3.25  +  0.32  sin  «t 
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tions  associated  with  frequently  occurring  negative  pressure 
is  determined.  A  general-theory  on  boundary  layer  properties 
with  a  hydrofoil  in  oscillation  is  not  yet  available.  The  present 
work  is  intended  to  provide  some  needed  information  on  this 
subject:  the  location  of  transition  and  the  magnitudes  of 
boundary  layer  pressure  fluctuations.  Experimental  results 
show: 

1.  The  movement  of  boundary  layer  transition  can  be 
detected  by  the  measurement  of  pressure  fluctua¬ 
tions  on  the  fo3  surface. 

2.  The  development  of  the  foil’s  boundary  layer  is 
delayed  with  an  increase  in  oscillation  frequency. 

3.  The  pressure  peaks  associated  with  advancing  tran¬ 
sition  are  independent  of  oscillation  amplitude  and 
frequency  and  are  identical  with  the  values  meas¬ 
ured  in  the  transition  regions  on  a  stationary  foil 

4.  In  a  fully  established  turbulent  region,  the  mag¬ 
nitudes  of  pressure  fluctuations  are  independent  of 
oscillation  amplitude  and  frequency  and  identical 
with  the  values  measured  in  the  turbulent  region  oh 
stationary  foil. 

5.  Tb  magnitude  of  pressure  fluctuations  measured 
on  the  present  foil  gives  higher  intensity  in  a 
natural  transition  region  than  in  a  fully  established 
turbulent  region. 

With  respect  to  cavitation  noise  the  following  conclu¬ 
sions  were  derived  from  water  tunnel  hydrophone  measure¬ 
ments: 

1.  The  stability  of  a  leading  edge  sheet  cavity  deter¬ 
mines  the  extent  to  which  cloud  cavitation  is  pro¬ 
duced. 

2.  The  formation  of  cloud  cavitation  during  the  fife  of 
a  sheet  ca  ity  is  suppressed  at  snail  reduced  fre¬ 
quencies  and  correspondingly  the  noise  level  is  low. 

3.  At  high  reduced  frequencies,  extensive  cloud  cavita¬ 
tion  is  formed  during  the  final  phase  of  sheet  cavity- 
collapse  and  the  noise  level  is  significantly  increas¬ 
ed.  Thus  P2  plotted  against  K  shows  a  "noise 
bucket”  When  the  sheet  cavity  is  continuous  with 
time,  a  similar  noise  bucket  is  apparent 

4.  When  o,  K,  »o,  and  aj  are  kept  constant,  the  in¬ 
fluence  of  velocity  on  P  is  found  to  be  very  large  if 


cloud  cavitation  is  present  From  the  limited  data 
obtained  from  these  experiments.  tbe  sound  power 
associated  with  cloud  cavitation  appears  to  vary  as: 

F*~V8o 

5.  The  amplitude  of  oscillation,  »i,  has  an  influence  on 
the  noise  in  that  larger  amplitudes  promote  douti 
cavitation  formation.  However,  the  limited  data 
available  do  not  permit  more  detailed  discussion  of 

this  point. 

€.  The  cavitation  noise  generated  by  a  ^atiotmy  f«l 
is  not  indicative  of  the  noise  produced  when  the  fofl 
is  osollated. 

7.  The  reduced  frequency  pammeter.  K,  does  not  in¬ 
clude  consideration  of  gtm-  cavity  dynamics.  Thus 
it  is  not  sufficient  to  predic  the  influence  of  free- 
stream  velocity  on  the  gross  stability  of  the  lewfing 
edge  sheet  cavity.  This  influence  of  velocity  should 
be  investigated  father  In  order  to  establish  the 
critical  K  at  which  the  radiated  noise  increases  at 
fidl  scale  speeds. 

The  subject  of  unsteady  cavitation  is  a  topic  just  in  Its 
embryonic  state  of  understanding.  Recent  research  confirms 
what  has  been  empirically  observed  for  marty  years,  that  is, 
reasonable  simulation  of  erosion,  noise  and  induced  hull  vibra- 
tion  requires  a  simulation  of  the  flow  field  in  which  the 
hydrofoil  or  propeller  operates.  A  propeller  operated  in  , 
uniform  flow  cannot  simulate  some  of  the  critical  details  of 
the  inception,  growth  and  collapse  process  of  leacbig  edge 
sheet  cavities.  ~  * 
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ABSTRACT 

A  horizontal  cylindrical  body  moves 
with  constant  velocity  in  the  horizontal 
direction  normal  to  its  axis,  near  the  free 
surface  of  a  frictionless  fluid  under 
gravity.  The  calculation  of  the  resulting 
fluid  motion  is  an  important  problem  of  ship 
hydrodynamics.  For  a  deeply  submerged  body 
the  condition  of  constant  pressure  at  the 
free  surface  can  be  linearized,  but  in  some 
recent  calculations  the  same  linearized 
condition  has  been  used  also  for  partially 
immersed  bodies ;  The  resulting  linear 
boundary-value  problem  for  the  velocity 
potential  is  the  Kelvin-Neumann  problem.  In 
the  present  paper  the  two-dimensional  Kelvirr 
Neumann  problem  is  studied  for  the  half- 
immersed  circular  cylinder.  There  are  argu¬ 
ments  which  suggest  that  in  the  corners  the 
velocity  potential  must  be  strongly  singular 
but  it  is  shown  here  that  a  unique  velocity 
potential  exists  which  has  velocities  bound¬ 
ed  in  the  corners  and  at  infinity.  Similar 
results  hold  for  other  cross-sections  inter¬ 
secting  the  Horizontal  at  right  angles .  It 
is  hoped  that  the  experience  gained  in  this 
work  may  be  of  use  in  treating  the  full 
inviscid  three-dimensional  problem  in  the 
future. 

1.  INTRODUCTION 

Consider  a  ship  in  steady  uniform 
motion  on  the  free  surface  of  a  fluid.  It 
is  well  known  that  the  ship  is  accompanied 
by  a  wave  pattern  which  is  steady  relative 
to  the  ship;  the  calculation  of  this  wave 
pattern  and  of  the  associated  wave  resist¬ 
ance  is  a  central  problem  of  ship  hydro¬ 
dynamics  which  however  remains  largely 
unsolved  even  although  drastic  simplifying 
assumptions  have  been  made.  Thus  viscosity 


is  often  neglected;  then  the  fluid  motion 
is  irrotational  and  can  be  described  by  a 
velocity  potential,  the  stress  in  the  fluid 
is  a  pressure  which  can  reasonably  be 
assumed  to  be  constant  at  the  free  surface, 
and  the  velocity  normal  to  the  ship's  hull 
and  the  velocity  normal  to  the  free  surface 
both  vanish.  Even  this  simplified  problem 
cannot  be  solved.  One  difficulty  is  that 
the  free  surface  is  not  prescribed  but  must 
be  determined  during  the  solution  of  the 
problem.  Thus  additional  simplifying 
assumptions  are  usually  made.  Many  calcul¬ 
ations  are  concerned  with  thin-ship  theory: 
the  ship  is  assumed  to  be  so  thin  that  tjie 
fluid  motion  relative  to  the  ship  is  nearly 
a  uniform  stream.  A  perturbation  procedure 
can  then  be  set  up  in  terms  of  a  small 
thickness-parameter.  The  first  approxim¬ 
ation  is  linear  and  can  be  treated  mathem¬ 
atically,  but  its  range  of  validity  is  not 
adequate  for  many  applications;  and- various 
non-linear  approximations  have  therefore 
been  studied.  For  instance,  in  some  work 
the  full  non-linear  condition  on  the  ship's 
hull  has  been  used  together  with  the  lin¬ 
earized  free-surface  condition  on  the  mean 
free  surface.  The  resulting  problem  is  the 
so-called  Kelvin-Neumann  problem  with  which 
the  present  work  is  concerned.  This 
approximation  can  be  justified  when  the 
translating  body  is  deeply  submerged,  but 
in  recent  work  it  has  also  been  used  for 
bodies  intersecting  the  free  surface.  It 
is  well  understood  that  the  approximation 
is  then  inconsistent  even  for  second-order 
thih-ship  theory  since  only  some  of  the 
second-order  terms  are  retained  while  others 
are  omitted.  The  corrections  that  are 
obtained  are  therefore  of  doubtful  practical 
value  but  may  perhaps  turn  out  to  be  in  the 
right  direction  It  is  hoped  also  that  -the 
experience  gained  in  this  way  may  be  of  use 
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irt  treating  the  full  iriviscid  problem  in  the 
future. 

In  the  present  work,  however,  we  shall 
not  be  concerned  with  the  practical  applic¬ 
ability  or  logical  consistency  of  the 
Kelvin-Neumann  formulation  for  surface- 
piercing  bodies  but  merely  with  certain 
mathematical  aspects  of  the  two-dimensional 
Kelvin-Neumann  problem.  The  free  surface 
of  the  fluid  is  then  represented  by  a 
horizontal  straight  line,  arid  the  "body  is 
represented  by  a  curve  intersecting  this 
line.  It  will  also  be  supposed  that  the 
curve  intersects  the  line  at  right  angles. 
(According  to  the  full  theory,  the  corners 
would  be  stagnation  points  where  the 
perturbation  velocity  is  equal  to  the  for¬ 
ward  speed  and  where  any  perturbation  scheme 
must  fail,  but  we  are  ignoring  this 
difficulty.)  It  has  been  suggested  that  any 
solution  of  the  problem  must  have  singular¬ 
ities  in  the  corners.  We  shall  see,  however, 
that  such  singularities  need  not  occur  if  at 
infinity  the  velocity  potential  is  allowed  to 
tend  to  infinity  logarithmically  with  distance. 
The  corresponding  velocity  components  remain 
finite  in  the  corners  and  at  infinity. 

2.  STATEMENT, OF _THE  MATHEMATICAL  PPOBLEM 

-W  *2-  j  _  ,0 

\  ^  * 0 


A  cylinder,  w:  its  generators  horizontal, 

is  moving  alon-.,  the  free  surface  of  the 
fluid  with  a  constant  velocity  -U  which  is 
horizontal  and  normal  to  the  generators. 
Take  coordinate  axes  moving  with  the  cylin¬ 
der,  the  x-axis  horizontal  and  the  y-a:.is 
vertical,  y  increasing  with  depth.  We  shall 
be  concerned  with  motions  which  are  steady 
relative  to  the  cylinder.  The  velocity 
potential  is  then  written  in  the  form 
Ux  +  $ (x,y) . 

Since  the  density  is  assumed  uniform 
we  have 

g  2  3  2 

=0  in  the  fluid.  (2.1) 

Since  there  is  no  flow  across  the  boundary 
C  of  the  cylinder  we  have 

3$  _  ,.3x 

3n  “  -Uf£  on  C  (2.2) 

where  3/3n  denotes  differentiation  normal 
to  C. 

Since  there  are  no  waves  formed 
upstream  of  the  cylinder  we  have 

0  and  |4  o  when  x  -*  -<».  (2.3) 

As  was  stated  in  the  introduction,  the 
curve  G  is  assumed  to  intersect  the  line 


y  =  0  at  right  angles.  Near  the  corners, 
linearization  cannot  be  justified.  Lot  it 
nevertheless  be  applied  along  the  whole  of 
the  free  surface.  Thin  the  Kelvin-Neumann 
free-surface  condition  is 

—  +  -  0  on  v  =  0  outside  C,  (2.4) 

where  K  -  y/U* .  (See.  e.g.  Wehausen  and 
Laitone,  1960,  eqn.  16.15.) 

3 ■  THE  SOURCE  POTENTIAL 

In  subsequent  work  we  shall  need  the 
potential  of  a  source  at  (»,  n) .  This  will 
be  denoted  by  G(x,  y;  f,  ij)  ;  it  also  depends 
on  K.  it  is  known  (Wehausen  and  Laitone, 
1960,  eqn.  13.44}  that,  except  for  an* 
arbitrary  additive  constant, 

G ( x ,y ;  t , n)  =log { (x-5 ) 2  +  (y-r,)  ?  +log{K>'(x-4)2+(y+n)2l 

-k(y+n) 

+  2  -  — — cos  k(x-F)dk 

-  2;e-K(y+r,)  sinK(x-S)  (3.1) 

where  the  symbol  -j  indicates  that  the  Cauchy 
Principal  Value  if  the  integral  is  to  be 
taken.  Let  us  write 


e“ky 

|  -j— cos  kX  dk  =  C  (KX,  KV) 


Properties  of  this  function  are  given  in  the 
appendix  at  the  end  of  this  paper.  In 
particular , 

C(K(x-5)  ,  K(y+n))  -ne"K(y+n)  sinK(x-C)  *6 

when  x  -  C  -  — 

and  it  follows  that  there  are  no  wave  terms 
in  (3.1)  when  x  -  r,  -  -=■>.  Thus  G(  .) 
satisfies  the  radiation  condition.  Evidently 
G(x,  y;  5,  n)  is  not  symmetric  in  (x,.  yj  and 
(Zi  n) ..  It  should  be  noted  that  the  source 
potential  is  logarithmically  infinite  at 
infinity,  and  this  suggests  that  he 
solution  of  the  boundary-value  proolem  (see 
12  above)  may  have  the  same  property.  This 
will  in  fact-  be  shown  in  §4  below.  *  It  is 
important  to  note  that  G(  )  is  not  an  even 
function  of  x-?.  It  is  also  important  to 
note  that  the  surface  singularity  is 
replaced  by  a  weaker  singularity  when  n  ■*  o. 
The  potential  G(x,  y;  C,  0)  will  be  described 
as  a  weak  surface  singularity.  Similarly 
3G(x,  y?  z,  o) /3X  (apparently  a  horizontal 
dipole)  is  a  vortex.  These  results  follow 
from  the  expansions  in  the  appendix. 

4 .  THE  LEAST  SINGULAR, SOLUTION  FOR  THE  HALF- 
IMMERSED  SEMI-CIRCLE  “ 

Consider  the  potential  $(x,  y)  =  $  (rosin  6  f 
r  cost),  given  by  the  multipole  expansion 


^(x,  y)  _ 


=  AP(Kx,  Ky)  +  BQ(Kx,  Ky} 
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-KlogKr  +  >  a  a~ 

m=1  m 


r  ..2mfTfcos(2m+l)Q  .  K  cos2m3 
t  >'l  •'•2n  r2m 


|  „  2nttrfsLn(2m+2)0  ,  K  sin(2m+l)  ol 
;2m+r  *  „2m+l  )' 


P(Kx,Ky)  ?kcgKr  +  j-”e  ^ cos kx~|-  j.+  -v.e~^ sin Kx^ , 
=  {F  «Kx,KyTi  +  {{P,(Kx,Ky) }  J,  say, 


and  bounded  in  the.  corners.  (Actually  it 
will  be  seen  that  am  *  0{l/m!*)  and 
fim  =  0(l/m’) . ) 

Proof  of.  Theorem  1.  if  such  a  rapidly 
converging  solution  exists  then  we  may  put 
8  =  in  (4.3)  and  obtain 


.Vofcr-P, 
\ar  1 


/  3  \  - 

t3'a#-Q  )  .  _ -Ka>a  cosmic  =0  (4.5) 
\«  /  h-  J  m 


On  combining  this  with  (4.3)  we  see  that 

A^PV  ~  \as7Pi) 


)4«{(*so=)  -  <4°^} 


and  Q(KxfKy)  j  e '^sinkXj^  i *  [^e  cos Kx  }  |  ,  =I(2m+l)a  /cos(2mtl)o +-^§r(cos2n9-cosnft)i.  (4 

<• J  o  m  zm+i  -  j 


= (Qj (Kx,Ky) )  +  ( (Q2 (Kx,Ky) } 5 ,  say, 

where  the  Cauchy  Principal  Value  is  to  be 
taken  at  k  -  K.  (An  arbitrary  constant  may 
be  added  to  ?(x,  y)  .)  It  is  readily  verified 
that  each  term  of  the  right-hand  side  of 
(4.1)  satisfies  Laplace's  equation  (2.1)  and 
the  free-surface  condition  (2.4)  and  the 
radiation  condition  (2.3).  The  boundary 
condition 


/m 

\3r/r=a 


-Usine,.  — i  S  <  Hr,-- 


on  the  semi-circle  C  is  also  satisfied  if 
the  coefficients  A,  B,  Qn!,  6m  are  chosen,  so 
t'f'at  in  the  interval  —  %i  <  e'"$  hr,  the 
equations 

„  ,  (4.3) 

-a„ (cos3-Ka)-  V  (2m+l)a. 'cos(2m+])e  +— -cos  2n-;]=0 
v  ^  2m+l  J 

and 

AteP2/  ~  BkkQi)  +  sm  (4.4) 

30  f  * 

-  I  (2m*2)fim|sin(2m+2)S  sin(2m+l)$|  =  0. 

m=0  1  ' 

are  satisfied.  (Here  and  elsewhere  brackets 
(  y  are  used  to  indicate  that  r  is  put 
equal  to  a  inside  the  brackets.)  The 
equations  (4.3)  and  (4.4)  are  series  expan¬ 
sions  resembling  Fourier  series.  When  A 
and  B  have  been  chosen  arbitrarily,  these 
equations  can  be  shown  to  have  unique 
solutions  om,  Sm  (m  =  0,1,2, .. .)  except 
possibly  at  a  discrete  set  of  irregular 
values  of  Ka,  and  it  can  also  be  shown  that 
=  0(l/m2)  and6m  =  0(l/mz)  'by  arguments 
used  in  the  proof  of  Theorem  1  below.  (The 
details  are  omitted.)  The  series  for  the 
two  velocity  components  are  thus  seen  to 
converge  only  slowly;  at  e  =  ±h~  the 
horizontal  velocity  is  in  general  dis¬ 
continuous  and  the  vertical  velocity  is 
logarithmically  infinite. 

We  now  obtain  our  principal  result. 

Theorem  1.  The  coefficients  A  and  B  in 
(4.1)  can  be  chosen  uniquely  so  that 

«*  0(l/m3)  and  6m  =  0(l/m*)  .  The  corres¬ 
ponding  solution  (the  least  singular 
solution)  has  velocities  which  are  continuous 


Similarly,  on  putting  o  =  hr  in  (4.4)  v/e 
find  that 

A(4P2)^  +B(%Qi)  =-i.  ^ 

On  combining  this  with  (4.4)  we  see  that 

Aka#-  P A  -sim  /a  #-  p  \  I  -a  l/crS=  Q  \ 

£\>r  2/  \  3r  2/4-j  (Ssr  l/ 

-sins  ^0^.1  (4.8) 

*  /  Vz 

=  |(2mt2)S;Jsin(2m+2)0  +^j;r{sin(2mtl)S 
0  ‘  L 

-sinssinfm+k)-)} 

We  shall  now  verify  that  the  solutions  of 
(4.6)  and  (4.8)  satisfy  aro  =  Od/nr)  and 
sm  =  0(l/m“) .  by  transforming  (4.6)  and 
(4.8)  into  systems  of  simultaneous  equations. 
Consider  e.g.  (4.8).  Multiply  in  turn  by 
the  complete  set  sin(2t+2),  (;  =  0,1,2,...,) 
and  integrate  over  {-hr.,  hr).  An  infinite 
set  or  equations  of  the  form 
* 

(2i+2)6.-*Ka  !  a  (2m.+2) 8.  =  c, ,  i  »  0,1,2,..., 

6  n£o  iln  a  4  (4,9) 

is  obtained  where  Cj  is  the  Fohrier  coeffic¬ 
ient  of  the  left-hand  side  of  (4.8)  and 
where  the  coefficients  aj!n  can  be  found 
explicitly  by  elementary* integrations. 

Write  (4.9)  in  the  form 
* 

(2t+2)3S  -fKa  I  (I^)2a.„(2mf2)36  =(2t+2)zc  , 

1  !#0  2m+2  i!T'  m  (4.10) 

By  integration  by  parts  it  can  be  shown 
that  c.  *  0(1/13) ,  -thus  £ (2i+2) 4c|  is 
convergent;  and  it  can  also  be  shown  that 

is  convergent.  The  theory  of 

the  system  (4.10)  is  therefore  analogous  to 
the  theory  of  Fredholm  integral  equations  of 
the  second  kind.  It  follows  that  (except 
possibly  at  a  set  of  irregular  values  of  Ka) 
there  is  a  unique  solution  (6^)  such  that 

£(2i4-2)s6|  is  convergent.  To  show  that 
8^  =  0 ( l/l** )  ,  note  from  (4,10)  that 


(21+2)  2R.-(2l+2)2c, 


=(Ka): 


by  Cauchy's  inequality. 


iconst. 


I  ( 

fiF=0 


2t+2.u  i 
2mt2!  am' 


It  can  be  shown  that  f  =0(1  /l2), 

211=0 

and  it  follows  that  fi.  =  0(l/t1').  Evidently, 
from  (4.8),  6  is  of  the  form 

(P2)  +  BS^ (Qj ) ,  (4.11) 


immersed  semi-circle;  for  other  cross- 
sections  it  can  be  generalized  by  conformal 
mapping  (see  e.gi  Urseil  194?  for  the 
corresponding  construction  of  wave-free 
potentials  at  zero  mean  speed)..  An  alter¬ 
native  approach  uses  distributions  of  wave 
sources  over  the  boundary  curve  C  but 
additional  terms  are  needed  at  the  ends . 
Thus  for  the  half-immersed  semi-circle  we 
find 

Theorem  2,  The  least  singular  solution 
(obtained  in  Theorem  1  above)  can  be 
represented  in  the  form 


$(x,y)  -U 


si(e)G(x,y;a  sin  6, a  cos  e)ad9 


(5.1) 


Uu (%n) 
K 


G(x,y;a,0> 


(5.2) 


in  an  obvious  notation,  where  p£(P2)  and 
S,(Q. )  are  independent  of  A  and^B,  and  where 
6-{P2)  =  0(1/1’)  ar.d  6,  (Q, )  =  Oil/lM.  Thus, 
from  (4.7)  , 

'Ka|Bm(P2)sin(m+!3^} 

(4.12) 

**\W ••in^)']  =  -1- 

Similarly,  from  (4.6) , 

ai  =  Aai(£V  *  Bat(Q2>  *  (4.13) 

where  n(Pi)  =  0(1/*“)  and  u*(Q2)  =  0 (l/tu), 
thus,  from  (4.5), 

A(*irV\)  bn  •Ka^<sm(Pi,c0s  m7!\ 

L  o  j  (4-14) 

+Bj(a37  Q2 )h*~Kal  am  (Qs 5  cos  =  0  * 

From  (4.12)  and  (4.14)  the  values  of  A  and 
B  are  uniquely  determined  except  when  the 
determinant  of  the  system  (4.12),  (4.14) 
vanishes;  hence  a«  and  3 ,  are  determined 
from  (4.13)  and  (4.11);  fience  $(x,  y)  is 
determined  from  (4.1)  except  for  an 
arbitrary  additive  constant.  It  is  obvious 
that  the  potential  $(x,  y)  does  indeed 
satisfy  the  boundary  condition  (4.2).  It 
remains  to  be  verified  that  the  determinant 
of  the  system  (4,12),  (4.14)  does  not 
vanish  identically;  this  can  be  dohe  by 
considering  the  system  for  small  Ka.  Thus 
the  procedure  described  above  is  effective 
except  possibly  at  a  discrete  set  of  values 
of  Ka  and  provides  a  construction  for  the 
least  singular  potential  $(x;  y) .  It  can 
be  shown  that  for  general  values  of  Ka  the 
logarithmic  terms  in  (4.1)  do  not  cancel, 
thus  this  potential  is  logarithmically 
infinite  at  infinity. 

This  concludes  the  proof  of  Theorem  1, 

5.  REPRESENTATION  BY  SOURCES 

The  method  of  multipoles,  described  in 
54  above,  is  appropriate  for  the  half- 


-  Mzkt  G(x,y;-a,0) ,  (5.3) 

where  the  coefficients  vlhs)  in  (5.2)  and 
u(-^i:)  in  (5.3)  are  the  limits  of  the 
source-density  function  u (5)  when  6  +  ihs. 

A  corresponding  result  holds  for  the  least 
singular  solution  exterior  to  an  arbitrary 
boundary  curve  C  intersecting  the  horizontal 
at  right  angles, 

To  motivate  the  following  proof  let  us 
recall  the  corresponding  results. in  potential 
theory  and  in  acoustics  (Lamb  1932,  158  and 
5290).  These  are  obtained  from  Green's 
theorem  which  states  that  the  exterior 
solution  4(x,  y)  can  be  represented  by 
sources  of  density  (2-)~i98/3n  and  normal 
dipoles  of  density  -(2r,)~'ls  distributed 
over  C.  Consider  now  the  interior  potential 
$int  such  that  iint  =  i  on  C;  let  the 

corresponding  normal  velocity  on  C  be 

denoted  bv  3$,  ,/3n.  Then,  by  Green's 
int 

theorem,  sources  of  density  (2«) 3i^nt/3n 
and  normal  dipoles  of  density  -(2s}-liint 

=  -{2n)~*i,  distributed  over  C,  generate  a 
null  field  exterior  to  C.  By  subtraction  it 
follows  that  the  exterior  solution  4(x,  y) 
can  be  represented  by  a  source  distribution 
of  density  (2^)  _1 3  (4--$ infc) /3n  over  C, 

Similar  ideas  will  now  be  applied  to  the 
Kelvin-Neumann  problem. 

Proof  of  Theorem  2.  (Not  all  the  details 
will  be  given,)  Apply  Green's  theorem  to 
the  least  singular  solution  y)  and  to 

the  reversed  source  function  G(x,y;E;«i) 

=  G( ? , n;x,y)  in  the  region  bounded  by  the 
contour  C,  by  a  large  semi-circle  S(R),  and 
by  the  two  segments  of  the  x-axis  between  C 
and  S(R) .  (Note  that  4  and  5  involve 
arbitrary  additive  constants.)  It  is 
assumed  that  (€,  n)  lies  in  this  region. 

Then  we  find  that 

-2ti4CCp!)  =j  j?(x,y)‘-j^  G(x,y;£;,fi) 

^(x,y;5»n'5^  $(x,y)los(x,y) 
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Write 


+  [K(4|2-g^  _dx  +  (‘a[#-#!  dx. 

J  3y  3yjy=0-  J_Rl  3y  3yjy=0 


b  f  [^-P-G^-tjdx  from  the  ffee-surface 
K  Ja  1  Sy4  »y  >  condition 


=  1  >*(*21 
K  ial  3x2 


-2,*. 

I- — -  dx  from  Laplace ' s  equation, 
3X2J 


1 

K 


j3G 


(R»0) 
(a, O' 


(5.4) 


and  similarly 


ofidx, 

3y, 


^G. 

'lx 


(-a,0) 

(~R,0) 


u(e) 


Sn^^int*  ' 


(5.8) 


where  the  normal  gradients  are  to  be 
evaluated  at  (x,y)  =  (a  sin  e,  a  cos  0) ;  also 
note  that  G(x,  y;  |,  n)  =  G ( r, ,  n ;  x,  y) . 
Then  it  is  seen  that  (5.7)  is  equivalent  to 
Theorem  2 ,  except  for  the  two  terms  arising 
from  the  large  semi-circle .  It  can  be  shown 
that  these  contribute  at  most  ah  additive  . 
constant.  This  concludes  the  proof  of 
Theorem  2,  v 

Note  that  for  reasons  of  brevity-  we 
have  omitted  proofs  that  the  least  singular 
interior  potential,  exists,  and  that  the 
large  semi-circle  contributes  at  most  a 
constant  to  the  potential. 

We  can  now  see  how  the  least  singular 
potential  can  be  constructed  by  means  of  an 
integral  equation.  Write  - 

rHf 

t(x,v)  =Uj  u(5)G(x,y;asins,acos9)ad9 


Thus 


(-a,0) 

(a,0) 


(5.5) 


let  *int(x,  y)  denote  the  least  singular 
interior  potential  satisyf ing  i  inJ.  =  $  on  C. 

(The  construction  of  this  potential  involves 
the  superposition  of  regular  wave  potentials 
and  resembles  the  construction  of  the  least 
singular  exterior  potential.  The  details 
are  omitted;)  Apply  Green's  theorem  to  i 
and  to  G  in  the  interior  region  bounded  ln 
by  C  and  by  the  x-axis.  Then 


>=ik 
a  i 


Int  an 


3h  int 


"ds 


-CanG{x,y;a,0)  -  UaqG(x,y;-a,0) , 


where  the  iast  two  terms  (apparently  wave 
sources)  are  actually  weak  surface  singul¬ 
arities.  The  function  u(6)  and  the 
constants  p  and  q  are  to  be  determined;  On 
applying  the  boundary  condition  (4.2)  we 
find  that 


-•-(a)  + 


c 


v  (8)  ^^G(r  sin  a;r  cos  a;a  sin  8  ,a  cos  e)^ds 


=  o/a~^(rsina,rcbsa;  a,  0)) 

*  \  sC  J 


f  A  -  \ 

+  q/a^H3(rsina,  rcosa;  -a,  0)j 


-sim.  (5.9) 

This  is  a  Fredholm  equation  of  the  second 
kind,  and  (except  possibly  at  a  discrete 
set  of  irregular  values  of  Ka)  there  is-a 
unique  solution  which  is  evidently  of  the 
form 


ill- 


,  3G  -3  * 
9int  3x  °3x  Tint 


(a,0) 

(-a,0) 


(5.6) 


as  in  (5.5)  above.  On  subtracting  (5.6) 
from  (.5.5)  we  find  that 


-2-i(5,n) 


_3_ 

3n 


(4-4’lJlt)G(x,y;5,n)ds(x,y) 


+ 


1 

K 


(-a,0)  - 
(a,0) 


u (9 )  =  pu+(8)  +  qu_(8)  +  a0(8),  (5.10) 

where  the  functions  u+(9) ,  y_(e) ,  u n(e)  are 
the  solutions  corresponding  to  the  three 
known  functions  on  the  right-hand  side  of 
(5.9).  From  Theorem  2  we  have-  p  =  u (%^)/Ka 
and  q  =  u(--si!)/Ka;  thus,  oh  putting  ©  = 
and  6  =  in  (5»10)  we  see  that 

Kap  =  pu  +  (l!:)  +  qy_(%t)  +  uQ[kn) , 

and  Kaq  =  py+C-%=)  +  qu„{-%u)  +  u3(-ba). 

From  these  equations  the  two  constants  p  and 
q  can  be  found,  and  the  source  density  is 


then  given  uniquely  by  (5.10) . 

If  p  and  q  are  instead  given  arbitrary 
values,  then  the  solution  (5.10)  can  be 
shown  to  have  unbounded  vertical  velocities 
in  the  cornegs.  This  corresponds  to  the 
solution  (4.1)  above  when  A  and  B  are  given 
arbitrary  values. 

6.  DISCUSSION 

“V  — 

It  has  been  shown  that  for  the  half- 
iffimefsed  semi-circle  the  Kelvih-Neumann 
problem  has  a  two-parameter  set  of  solutions 
if  the  singularities  in  the  two  corners  are 
at  most  weak  surface  singularities.  There 
is  just  one  solution,  the  least  singular 
solution,  for  which  the  velocity  is  bounded 
in  both  corners.  It  has  been  shown  how 
this  solution  can  be  constructed,  either  by 
the  method  of  multiboles  or  by  a  distri¬ 
bution  of  wave  sources,  over  the  boundary. 
(The  source  density  satisfies  an  integral 
equation  (5.9)  involving  additional  end- 
contributions  . )  There  is  however  no 
obvious  physical  reason  why  tHe  condition 
of  boundedness  should  be  imposed  in  the 
corners.  In  the  physical  problem  the 
.  perturbation  velocity  is  in  fact  not  small 
in  the  corners,  and;  the  “linearization  is 
not  valid  there.  It  would  thus  be  equally 
reasonable  to  look  for  solutions  of  the 
perturbation  equations  which  have  weak  or 
strong  singularities  in,  the  corners  but 
there  is  then  no  obvious  way  of'  deciding 
what  singularities  would  be  appropriate. 

in  an  earlier  unpublished  version 
(1978)  of  this  work  the  representation 
(5.10)  was  used  with  p  =  q  =  0,  and  it  was 
shown  that  the  vertical  velocity  in  the 
cornets  is  then  unbounded.  This  choice  is 
arbitrary,  as  was  pointed  out  to  me  by  Mr. 
Katsuo  Suzuki,  whose  criticism  led  me  to  a 
more  thorough  study  of  the  problem. 

Suzuki* s  own  choice  of  "p  and  q  is  based  on 
additional  physical  conditions  and  does  not 
lead  to  the  least  Singular  solution: 

Although  there  is  rib  obvious  physical  reason 
why  the  least  singular  solution  should  be 
preferred  in  two  dimensions  there  may  well 
be'  physical  reasons  why  a  corresponding 
boundedness  condition  should  be  applied  in 
three  dimensions ;  and  this  is  one  of  the 
motivations  Of  the  present  study. 

The  perturbation  potential  $(x,  y) 
becomes  logarithmically  unbounded  at 
infinity;  the  velocities  due  to  the  logar¬ 
ithmic  terms  tend  to  0  at  infinity.  There 
appears  to  be  no  physical  reason  for 
excluding  such  a  solution;  it  will  be 
recalled  that  the  total  potential  is 
linearly  unbounded  at  infinity. 

It  is  sometimes  stated  that  the  pertur¬ 
bation  potential  must  have  strong  singular¬ 
ities'  in  the  corners;  it  has  been  seen  in 
the  present  Work  that  this  conclusion  is 
incorrect.  The  usual  argument  is  based  on 
(5.5)  above  which  from  the  corner  at  (a,  0) 
contributes  terms 

(2m^h(atO)rkGUrn;atO)+(2m-1  (a,0}G(|,n;a,0) 


to  thepoteptial  ; ( $ ,  n ) .  Sincjs. 

G(5,  n ;  X,  Y)  represents  a  source  at  (X,  Y) 
when  Y  >  0  this  is  often  interpreted  as  the 
sum  of  a  dipole  term  and  a  source  term. 

This  interpretation  is  in  any  case  incon¬ 
sistent  since  the  dipole  strength  ; (a,  0) 
and-  the  source  strength  h ; { a ,  0)/3x  would, 
not  be  'finite  if  there  were  strong  singula 
arities  in  the  corners.  Actually 
G(|,  i);  a,  0)  is  a  weak  surface  singularity, 
and  G(6,  n;  a,  6)/8J  is  a  vortex  as  can  be 
seen  from  the ^expansions  in  the  appendix 
but  even  these  weaker  singularities  are  not 
present  in  the  least  singular  solution.  The 
correct  interpretation  can  be  inferred  from 
the  representation  (5.1-5.35  of  the  least 
singular  solution,  which  consists  of  a 
continuous  distribution  of  sources  together 
with  a  discrete  weak  surface  singularity  in 
each  corner .  Near  each  carrier  the  end;e£ f ect 
of  the  source  distribution  is  Tike  a  weak 
surface  singularity  and  is  cancelled  by  the 
corresponding  discrete  weak  sui race  singul¬ 
arity  term.  Similarly  near  a  corner  the  end 
effect  of  the  dipole  distribution  is  like  a 
vortex  and  is  cancelled  by  the  corresponding 
discrete  vortex  term; 
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APPENDIX.  Power  series  expansions  associated 
with  the  source  potential. 


ana 


we  consider  the  functions 

C(Kx,  Ky)  =  f  e"*^  cos  kx  ~ 
j  o  ■■  ■' 

S(Kx,  Ky)  =  f  e  sinkx  rryr 


(A.-1) 


(A.2) 


■where  the  Cauchv  Principal  Value  is  to  be 


taken  at  k  =  K.  Write  t  <z)  =  r  e 
where  c  has  positive  real  part.  Then 


i-K 


(4)dc  = 


r 


OK 


oy  cnangmg 


p+K  J^|k4p 


i r  (k-K)  (k+p) 

the  order  of  integration, 
k=» 


-K=0 


l  ^T1oSk* 


m=0  p 


m+l 


(A.  3) 


Also,  from  Euler's  definition  of  the  gamma 
function, 

L  e_p‘'  :Wnr  d? *  whenc®  fay 

differentiation  with  respect  to  v. 


!  -p?fi  JKCT 


'  ?v  r(v+l) 


*  =  -§XTle9! 


(A.  4) 
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Oh  comparing  this  with  (A. 3) ,  we  find  that 


wnence 

*00 


if*  ft?"  £<-»»"  t  Kk-  igin 


m  (KS) 


r*  (nH-l) 


-Ky 
=  -se  J 


sin  Kx  -  -ie  •  cos  Kx  when  Kx  2  +* 


Since  C!  )  is  an  ever,  function  of  Kx  and 
S (  }  is  an  odd  function  of  Kx  we  infer 

that 

C(Kx,Ky)  -  re  Ky  sin  Kx  *■-  0  when  Kx  *  (A. 9) 

and  S(Kx,Ky)  +ie  KycosKx  ■»  p  when  Kx  -  (A.  10) 

We  also  need  the  expansion  for  the-  horizontal 
dipole: 


Now  put  C  =  y  + ix  =  re  ,  then 

-Op 

I  -Kv  ■  ,  ,  .  ,  .  dk 

-e  -  (coskx-  rsinkx}^^ 


“  mil  i™-%m  t  1 

=  I  (-1)  1  — — — y —  ccsisS+isinm? 

fi=0  m‘  !' 


_ _  r'(nH-l) 

ilog  ^  -  tchsit T  1;] 

Oh  taking  real  and  imaginary  .parts  we  find 
that 

C{Kx,Ky)  =  f  e  kyeoskx 

^Wl^^ccsmeJlogKr-^ilJ-s  sinned 

(A. 6) 

and  .that 

StKx.Ky)  =  -  e"kysinkx  ^ 

=  |(-l)I"^^[sinm3^ogKr-iJ;^-|+Sasm3|. 

(A. 7) 

f  •  (l) 

It  is  known  that  y-jYj~~  =■  -y,  and 


T1  CiTH-i) 
T  \m+l) 


— Y  +  r  +  b  +  i . .  +  — f  where 

Jl  in 


Y  =  0.5772  -  is  Euler's  constant. 

To  find  the  behaviour  of  F(v+ix)  when 
x  »  +*»  consider 


lVk«  -fls. 

=  c  1*  w 


I*  -k;  dk 
=  T,e  k-K 


by  adding  arid  subtracting  the  integral  along 
a  small indentation  below  k  =  K, 

f-expf-iw) 

=  :  e  C  jjqj  -  rie  K-,  (A. 8) 

where  the  indented  path  along  the  real 
k-axis  has  been  deformed  into  the  path 
argk=  ~i~ ,  on  which  the  integrand  is 
bounded.  The  integral  in  (A. 8)  is  easily 
seen  to  tend  to  0  when  Kx  -*  +*»,  and  we  thus 
firid  that 


sc  i  ,  -kv  .  dk 
Sx  =  ~  T.ke '  '  sin  kx 


e~^J  sin  kx  dk  -  K  f  e  ^  sin  kx 


KS(Kx.Ky) 


KS(Kx,Ky) ; 


and  the  well-known  expansions 


e  J  ccsKx  =  i  (-1) 


=  l  [-l)m  ^-cosmS 
o 


e~Ky  sin  Kx  =  )  (-l)1'^1  -^^sinm& 

m-  m 
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F(C)  =  C(KX,Ky)  -  iS(Kx,Ky) 

-sie  =  -sie”^  {cosKx  -  i  sin  Kx) 


«  m  uv  uuyAvi 


#(x,y)=U  j_  u { S} G (x,-y; a  sin# , a  cos6)adB 
-•/:  . 


K,  Sieuki  (National  Defense  AcaSttn/} 

The  author  has  settled  the  problem  of 
the  uniqueness  of  the  2-D  Kelvin-Neumann 
solution.  The  solution  can  he  represented 
in  various  manners,  for  example.  Green's 
representation,  mutibole  expansion  and  so 
oh.  Furthermore,  the  solution  can  be  deter¬ 
mined  arbitrarily,  as  shown  by  BesshqrMizuno 
(Sci. Eng. Rep. Defense  Academy  1-1,1963)  and 
Eggers  (Disc. to  Sesshb,ISKR,l9?6) . 

Prof.  Ursell  has  made  clear  that  the 
least  singular  solution  can  be  determined 
uniquely  if  one  assumes  continuity  and 
boundedness  of  the  velocities  at  the 
corners.  He  has  also  indicated  that  there 
are  infinitely  ra2ny  solutions  according  to 
the  properties  prescribed  at  the  corners. 

*  I  had  earlier  calculated  the  2-D 
Kelvin-Neumann  solutions  of  the  following 
form  (1978,unoubiished) ; 


-U/Kfu (r/2)G(x,v;a, 0)Ju(-r/2) G (x,y;-a,0)J 


+U/KCp[G(x,y;a, 0) -G(x,y;-a, 0) ) .  (S-l) 

When  C  =0,this  representation  gives  the 
least  singular  solution.  The  streamlines 
are  shown  in  Fig. S-l (a-d)  for  various  sin¬ 
gular  solutions.  , 

1  have  a  question  concerning  the 
multipole  expression  (4.1),  whether  the 
logarithmic  terms  do  not  cancel  ?  Or.ce  ve 
assume  that  both  the  velocity  potential 
and  the  flow  are  continuous  (least  singular 
even  in  the  corners,  we  had  better  replace 
the  logarithmic  singularity  by  a  dipole 
singularity.  This  results  from  two 
reasons.  _ 

To  Show  one  of  them  we  shall  first 
deal  with  the  linearized  free-surface  con¬ 
dition  (Kehausen-Lai tone, I960 ,p4 71)  as 


c)  Approximate  flow  for  slightly- 
sunken  circle  (Cp=2.1) 


d)  Wave-free  flow  (Cp=1.568) 


Fig.  S*1  Comparison  of  streamlines  around  a  semi-submerged 
circle  for  various  singular  solutions  (  Ka=0-4  ) 


for  y=0 


(S-2) 


J 


Ky+?-=consc. 

where  f  is  a.iconjugate  (stream}  function 
for  o-  We  dan  put  the  constant  in  the 
right-hand  side  zero  upstream  from  the 
body  without  losing  validity,  on  the 
assump'-ion  that  f-»0  as  x*-*  (1)  (sfe  the 
number  in  Fig.S=2).  as  x  tends  to  the 
forward  corner  point  Pp  along  the  line  y=0, 
we  take  p=-l/K  (ox=-l=incident  velocity) 
from  the  continuity  of  the  velocity  at  the 
corner  Pp  (2).  Since  the  stream  function, 
■J=y+f,  is  constant  on  the  body  surface, 
we  have  -5=-l/K  there  from  the  continuity 
of  the  stream  function  at  the  corner  Pp  (3) . 
By  using  the  continuity  of  the  stream  func¬ 
tion  and  the  velocity  at  the  corner  P^,  we 
can  also  derive  the  fact  that  $x=-l,  f=-l/K 
at  the  corner  P^  in  the  free  surface  y=0 
(4).  Finally  we  obtain  the  zero  value  for 
the  constant  in  the  right-hand  side  of  eq. 
(S-2)  downstream  from  the  body  (5) . 

Thus  the  linearized  free-surface  con¬ 
dition  can  be  written  in  the  following 
form: 


Re  L[f(z}]=0  for  y=0,  outside  C,  £S-35 

where  L=d/dz-iK  {differential  operator) 
and  f(z)  is  the  perturbation  complex  po¬ 
tential.  We  introduce  a  new  function, 
analytic  for  lz|>l  (assume  that  the  body 
is  a  sem • -circle)  as 

g(z)=L(f (z)] ,  (S-4) 

which  satisfies  the  condition 

Re  g(z)=0  for  y=0.  (S-S) 

Such  a  function  can  be  written  as  follows: 


g(2)=i  l  ajn/z*.  (S-6) 

ra=l 

It  should  be  noted  that  the  function  g*(z) 
=ia.ln(z)  does  not  satisfy  the  condition 
CS-5).  Substitution  of  (S-6)  into  ea.(S- 
4}  gives  the  function  f(z)  as, 

f(z)=l/Lle(z)] 

=  1  e  lKz  fze~iK^  i—  dc.  (S-7) 
m=l  ’ 

The  above  solution  is  rewritten  as  a  com¬ 
bination  of  the  two  terms  of  wave  doublets 
and  the  sequence  of  wave-free  potentials 
as  shown  in  the  following: 

OD 

f {z)=o, W (z; 0)+o*W  (z; 0)+H  on+jh- (z) , (S-8) 

1  m  J.  u  n=i  11 

where 

hn(z)=l/zn(l-i/Kz}, 

%,Wi,  are  the  wave  doublets  in  the  x-  and 
y-directions  respectively.  If  we  use  g(z)+ 
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g* (z)  instead  of  g (z) ,  we  can  show  that  the 
corresponding  function  f(z)  is  written  in- 
the  form  of  eg. (4.1).  But  such  a  solution 
can  not  satisfy  eq. (S-3) . 

The  next  reason  is  that  both  the 
least  singular  solution  (5.1-3)  and  a  sin¬ 
gular  solution  (S-l)  do  not  become  logarith¬ 
mically  Unbounded  at  infinity.  These  solu¬ 
tions  can  be  looked  on  as  a  point  source 
potential  at  Upstream  infinity: 


g(x,y)=2u  Uj/*h(e)a  d6-i(u(x/2)+y(-v/2))} 

x  log(KR) .  (5-9) 

where  R=»'(xi+y2) .  We  can  show  that  the 
strength  of  the  point  source  is  equal  to 
the  difference  of  the  x-velocifies  at  Pp 
and  Pa**xa~£xf»  both  of  which  are  to  be 
taken  as  the  limiting  values  to  PA  and  Pp 
on  the  line  y=0.  This  relation  was  shown 
for  the  3-D  Neumann-Kelvin  solution  by 
Tsutsumi  (1976,  unpublished)  and  is  to  be 
reviewed  at  continued  Washington  Workshop 
(Suzuki, 1980) . 

For  the  least  singular  solution  the 
difference  of  the  x-velocities  vanishes 
because  they  both  become  -1.  As  for  the 
singular  solution  (S-l) ,  we  have 
-1+1/2  CP.  Accordingly,  the  strength  of 
the  point  source  in  eq. (S-9)  becomes  2efO. 
This  tells  us  the  above  mentioned. 

From  the  above  two  reasons,  must  we 
say  that  the  logarithmic  terms  in  eq. (4.1) 
cancel  or  that  the  multipole  expansion 
for  the  least  singular  solution  is  to  be 
expressed  by  eq.(S-8)  instead  of  eq.(4.1)  ? 


H.  Isshiki  (Hitatni  SS£) 


I  believe  that  great  progress  has  been 
made  by  Prof.  Ursell’frcm  a  theoretical 
view  point,  especially  in  its  mathematical 
aspects. 

1  want  to  make  some  comments  in  the 
following.  As  the  author  says  in  his  dis¬ 
cussion  in  the  paper  Concerning  a  rather 
popular  misunderstanding  that  the  perturba¬ 
tion  potential  must  have  strong  singulari¬ 
ties  in  the  corners.  This  misunderstanding 
was  also  trine  before  I  read  this.  1  think 
this  misunderstanding  originates  from  two 
reasons. 

As  the  author  points  Out,  One  origi¬ 
nates  from  the  contribution  from  the  corner 
(See  Eqs.{5.2)  &  (5.3)),  of  the  so-called 


line-integral  term  in  the  three-dimensional 
problem.  And  the  other  may  originate  from 
a  confusion  with  a  stagnation  point  singu¬ 
larity  in  slender-body  approximation . 

The  corner  contribution  is  derived 
from  a  free-surface  singularity  distribu¬ 
tion  by  processes  such  as  shown  by  Eg. (5.4). 
Hence,  in  the  original  form;  the  potential 
is  expressed  by  the  sum  of  a  singularity 
distribution  on  the  cylinder  surface  and 
or.  the  free  surface.  From  this  expression, 
we  may  have  a  feeling  that  the  velocity  at 
the  corner  may  not  Be  strongly  singular.. 

But  this  is  nothing  more  than. a  feeling. 

He  should  pay  enough  attention  to  Prof. 

Ur sell's  finding  that  the  source  distribu¬ 
tion  on  the  cylinder  surface  given  by  Eg. 

(5.1)  shews  a  weak  singularity  at  each 
corner  and  this  singularity  cancels  the 
similar  singularity  due  to  the  corner 
contribution  given  by  Eqs. (5.2)  or  (5.3). 

Concerning  the  misunderstanding,  if 
I'm  not  wrong ,  originating  from  a  confusion 
with  a  stagnation  point  singularity*;  in  the 
slender-body  approximation,  my  comment  is 
as  follows.  In  the  case  of  a- slender  body, 
the  potential  makes  a  change  of  0 (1)  in 
the  -neighbourhood  of  the  stagnation  point, 
and  the  size  of  the  neighbourhood  is  0(e). 
This  may  be  the  reason  why  the  singularity 
appears  there.  On  the  contrary,  in  the 
present  problem,  the  potential  makes  a 
change  of  0(1)  in  the  neighbourhood  of  each 
corner  but  the  size  is  also  0 (1) .  There- 
fore,  the  potential  may  be  expressed  without 
introducing  a  strong  sicularity  at  each 
corner,  and  this  may  be  the  reason  why  the 
least  singular  solution  in  the  form  of  Eg. 

(4.1)  is  possible. 

Finally,  I  would  like  to  express  again 
my  surprise  and  admiration  for  the  really 
great  originality  of  this  paper. 


-{Kf-  +  ||)  =  0,  i.e.  +  If)  #  o, 

i.c.  Kf  +  |S-  =  0  on  each  segment  of  the 

^  vy 

free  surface.  _ 

Thus-  for  any  point  (X,0)  on  the  posi¬ 
tive  X-axis  outside  C  we  have 


KMX.O)  +  !£(X,0)  =  K')1  (a, 0)  +  |^(a,0)  , 
<fy 

and  similarly 

K*(fX,0)  +  |f(-X,0)  =  K(r(-a,q) 

+  ||(-a,0) 

SV 

Since  the  total  mass  flux  out  of  C  vanishes 
we  have  f  (a, 0)  =  •.  (-a,0) ,  and  from  (2.2) 

we  have  f2-Ca,0)  =  -P-(-a,0)  ?  -U. 
oy  =y 

It  follows  that 

(K-.  +  %)  (X,0)  =  m  +  ||)  <-X,01. 

<sy-  oy 


Consider  this  equation  when  X  ■+  «. 

From  the  expansion  (4.1)  we  have 

4(_X*Y). -2zAe~Kysin  Kx  +  2-Be~Kycos  Kx 

Ua 

+  (A  -  Kaae)log  Kr, 

when  x  is  large  and  positive*  and  I 
is  near  |r  ; 


tZ^-*v(a  -  KaasJlog  Kr, 


Author’s  Reply 


when  x  is  large  and  negative,  and  0 
is  near  -|m. 

It  follows  that  the  conjugate  stream  func¬ 
tion  sHss.y)  is  given  by 


F.  Ursell  (Wuv.  o!  tJanchosta;) 


ikiYl  -„o-a»-Ky. 


*«2rrAe  -^cos  Kx  +  2sBe  -'sin  Kx 


+  (a  —  Kao.j)  9, 


In  my  paper  I  showed  that  there  is  a 
unique  least  singular  solution  which  has 
finite  velocities  in  the  corners,  and  I 
suggested  that  the  velocity  potential  would 
in  general  be  logarithmically  infinite  at 
infinity.  In  his  discussion  Mr.  Suzuki 
has  given  a  convincing  argument  (based  On 
the  integral  representation*  equations 
(5.1  -  5.3),  )  to  show  that  the  potential 
is  in  fact  bounded  at  infinity.  I  have 
now  established  the  same  conclusion  for  the 
potential  in  the  alternative  multipole  form 

(4,1) ,  using  a  simplified  version  of  Suzu¬ 
ki'  s  argument. 

Let  <Mx*y)  denote  the  stream  function 
conjugate  to  y (x,y) .  oh  each  segment  of 
the  free  surface  we  have 


when  x  is  large  and  positive,  and  e  is 
near  ja  > 

(a  -  Kan  :  )  9 , 


when  x  is  large  and  negative,  aiid  8  is 
near 

Expressions^  for  lt'/3y  can  be  deduced  by 
differentiation.  On  substituting  in  (!) 
above  and  noting  that  6  =  iit  at  (±X,0)  we 
obtain  A  -  Kaos  =  0,  i.e,  the  terms 

AP(Kx,Ky)  +  osa(~-§-  -  K  log  Kr) 

combine  to  form  a  dipole  singularity  which 
is  bounded  at  infinity.  This  is  equivalent 


to  Suzuki 's  result.  I  wish  6hCe  again  to 
express  my  gratitude  to  Mr.  Suzuki  for  his 
contributions  to  my  work . 

1  also  thank  Dr.  Isshiki  for  his  valu¬ 
able  comments  which  help-  to  elucidate  the 
form  of  the  least  singular  solution  in  the 


corners.  No  physical  argument  had  yet  been 
given  for  preferring  the  least  singular 
solution  to  other  possible  solutions,,  and 
other  solutions  may.  turn  out  to  be  phyr le¬ 
al  lv  nore  appropriate.  'This  ii  a  problem 
Which  requires  further  study. 
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Numerical  Solution  of  Transient  and  Steady 
Free-Surface  Flows  about  a 
Ship  of  General  Hull  Shape 


Robert  K,-C.  Chan  and  Frank  W.-K.  (San 

JAYCOB 

Miter.  CaShtrui.  USA. 


Abstract 

This  paper  describes  a  finite-differ¬ 
ence  numerical  technique  for  simulating 
transient  and  steady-state  three-dimension¬ 
al  potential  flow  about  a  ship  With  blunt 
bow.  The  primary  features  of  the  method  in¬ 
clude  the  use  of  special  coordinate  trans¬ 
formations  to  allow  rigorous  application  of 
hull  surface  and  free  surface  boundary  con¬ 
ditions,  and  application  of  orlanski's  nu¬ 
merical  open  boundary  condition  to  prevent 
nonphysical  wave  reflections  from  bound¬ 
aries  of  the  computational  region.  The 
method  has  been  applied  to  Wave  resistance 
of  a  tanker  with  and  without  protruded  bow. 
It  is  found  that  the  breaking  of  boW  wave 
occurs  at  a  higher.  Froude  number  for  the 
protruded  bow,  thus  reducing  the  wave  drag 
considerably  at  higher  Froude  numbers* 

NOMENCLATURE 


Aj,A? 

Coefficients 

defined 

in 

Eg. 

(19) 

Bi'B? 

Coefficients 

defined 

in 

Eg* 

(19) 

ci'c? 

Coefficients 

defined 

in 

Eg. 

(19) 

Resistance  coefficient 
Eg.  (31) 

defined  in 

®l*n? 

Coefficients 

defined 

in 

Eg. 

{!«*) 

O/DT 

Particle  der 

ivative 

in 

ths 

CX,  Y, 

Tj  system 


F  Ah  arbitrary  scalar  function 

Ff  Froude  number;  Fr  =  u/  ✓gL  * 

f  A  single-valued  function  which  de¬ 

scribes  the  hull  surface  (Eg*  (6)1 
in  the  spherical  polar  coordinate 
system  it *,  9'#  o')* 


fQ  A  Single-valued  function  which 

measures  the  distance  of  the  hull 
surface  from  the  ship's  center 
plane  in  the  rectangular  cartesian 
system  (x,  y,  2). 

G  An  arbitrary  scalar  function 

g  Gravitational  acceleration 

H  The  distance  between  the  origin  of 

the  coordinate  system  and  the  cen¬ 
ter  of  the  semi-submerged  sphere 
in  Fig.  7. 

I  Spatial  coordinate  along  one  _  of 

the  mesh  line  directions  (Fig.  6). 

I max  Maximum  value  of  the  subscript  i 

(Fig.  «)* 

3  Spatial  coordinate  along  one  of 

the  mesh  line  directions  (Fig.  6). 

3MAX  Maximum  value  of  the  subscript  3 

(Fig*  6)* 

X  Spatial  coordinate  along  one  _  of 

the  mesh  line  directions  (Fig.  6). 

KM AX  Maximum  value  of  the  subscript  k 

(Fig.  6}* 

L  Characteristic  length  of  the  prob¬ 

lem 

N  Time  as  measured  at  a  given  Spa¬ 

tial  point  in  the  (I,  J,  K)  sys¬ 
tem* 

#S  Unit  normal  vector  at  the  hull 

surface. 

nl***2»n3  Components  of  A  in  the  (x?  y»  z) 
system 


5  Fluid  pressure 

j  Radius  of  a  seni-subaerged  sphere. 

Met  Jjorizontal  force  experienced 
"  by  the  ship.  • 

r  Radial  coordinate  defined  in  Eg. 

£7}  - 

r-  Radial  coeponent  of  the  spherical 

oolar  coordinate  systea  shown  In 
Fig.  4. 

s  Area  of  wetted  hull  surface 

■p  Tine  as  neasured  in  the  absolute 

inertial  frane  of  reference. 

t  Tlae  as  neasured  In  the  noving  co¬ 

ordinate  systes  C*j  y,  i),  with 
the  frane  ot  reference  fixed  in 
the  ship. 

u  The  constant#  final  speed  of  the 

ship  in  its  forward  notion . 

u  Defined  in  Eq.  {3,i 

uQ  Defined  in  Bq.  |3J 

v  ifcfine-3  in  ffls  C3J 

vQ  Defined  in  tq.  C3J 

X,Y#2  Rectangular  cartesian  coordinates 

in  an  inertial  frane  of  reference. 

x,y ,z  Rectangular  .cartesian  coordinates 

in  a  franc  of  reference  fixed  in 
the  ship. 

X  ,y  Coordinates  of  the  ship’s  center 

c  of  rotation  in  the  CX,  Y,  ZJ  sys- 


aj.BjrCij  Coefficients  defined  in  Eq.  C??l 

^  Ancle  between  tne  forward  Direc¬ 

tion  of  the  ship  and  the  X-axis 
{Fig.  D- 

Yl#Yj»Yi  Coefficients  defined  In  Eg.  C2?J. 

St  Tine  incresent  In  nwnerical  inte¬ 

gration. 

c  h  scalar  function  defined  in  Eqs. 

{5}  and  {16} . 

n  A  single-valued  function  of  r#  ♦. 

and  t^  which  I-  used  to  describe 
the  position  of  the  free  surface 
-[Eq,  <16>J « 


5  One  of  the  angular  coordinates  o 

fined  in  Eq.  17) 

g-  One  of  the  anglilar  coordinates 

Fig-  4. 

^  R. 24159  -  -  .  * 

p  Fluid  density 

.  Velocity-  potential 

*  One  of  the  angular  coordinates  e 

tinea  in  Eq.  (" 5 . 

i*'  One  of  the  angular  coordinates  t 

fined  in  Fig.  4. 

a  Angular  velocity  of  the  ship;  « 

rj 

f7  taplaclart  operator 

Superscript 

n  Tlae  level  in  nuaerieal  intlq 

tioii  with  respect  to  tlae. 


Subscripts 

I  I 


Index  for  sesU  points  along  the  l- 
direction. 


Index  for  sesh  paints  along  the  J- 
directign. 

Index  for  rest  points  along  the  K- 
difectlon. 

IMSnOIlttCTiOW 


develop  a  ntmer 


fefinrf 

In 

simulating  transient  and  steas 
a  surface  ship  of  *  fs*r*y 

- 

configuration.  Special  Cephas: 
ships  with  a  v!2e  bees  and  a  ' 

ie  fined 

|n 

assuBption  of  ptenliRl  no' 

this  study.  However,  the  cos 
hounuary  conditions,  int.ad 

boundary  conditions,  including  nonlinear 
terns#  are  applied  at  the  correct  loca¬ 
tions.  Our  approach  Consists  of  n«*criyfliy 


tions.  Our  approach  consists  of  nu*sripfiiy 
integrating  a  set  of  tiasreepenoent.  enree— 
disenslonal  equations  in  a  Specie'#  body- 
fitted  coaputational  nesh  sysfea.  The  neth- 
od  can  be  used  to  obtain  both  transient  anc 
steady-state  solutions. 

There  are  three  na jot  concerns  when 
calculating  three-diBensional  flows  aoout  a 
ship  by  finite-difference  techniques 
bv  nanv  other  nunerlcal  »ethoos):'  1*  Have 


reflections  due  to 


iite  size  of  the  com¬ 


putational  region  can  render  the  so*ution 
totally  meaningless.  2.  The  f  iSite-pjffer'- 
ence  schlstes  cost  fleet  Sana  stability  ana 
accuracy  fequireaents*  3.  The  coBjsutaciona* 
■pesh  Bust  confers  to  the  boundaries  te-g.| 
hull  surface  and'  free  surfaces)  of  tne 


problem,  so  that  boundary  conditions  can  Be 
applied  rigorously.  To  utilize  the  linited 
cpsaputer  storage  efficiently,  it  is  prefer¬ 
able  to  select  a  erase  Of  reference  fixed 
in  the  ship  so  that  the  pesh  resolution  is 
concentrated  near  the  ship.  In  this  refer¬ 
ence  frame,  the  ship  appears  to  be  station¬ 
ary  in  a  running  strea-.  Cosputationally, 
this  ar rangesent  creates  problems  with 
Boundary  conditions  at  the  *open^boundary," 
where  the  flow  and  waves  are  supposed  to 
leave  the  confutation  region.  Improper 
treataent  of  this  type  of  boundary  can  re¬ 
sult  in  nonphysical  reflections.  Fortunate¬ 
ly,  with  the  appearance  of  Orlahskl's  Ill 
excellent  technique  for  numerically  propa¬ 
gating  waves  out  of  a  finite  region,  this 
difficulty  is  now  renewed,  with  Implicit 
treataent  of  those  terns  that  govern  wave 
propagations,  the  finite-difference  laethod 
given  in  this  paper  produces  solutions  that 
are  stable  all  the  way  through  the  tran¬ 
sient  oefiod  to  the  steady  state,  as  to  the 
problems  of  georetry,  a  body-fitted  coordi¬ 
nate  system  has  been  developed  by  deforming 
the  spherical  po'  ■  coordinate  system  In 
Such  a  way  that  -  new  coordinate  surfaces 
conform  to  the  free  surface  and  the  hullj 

In  the  sections  that  follow,  a  de¬ 
tailed  description  of  the  derivation  of  the 
coordinate  system  ahd  related  transforma¬ 
tions  ot  the  governing  equations  are  given. 
Soee  simple  calculations  of  the  flow  about 
a  seei-subaerged  sphere,  and  comparison  be¬ 
tween  an  HSVA  tanker  and  a  modified  tanker 
with  protruded  how  are  discussed, 

2.  FQpvutATrov  of  the  pftost.ru 

Potential  flow  is  assured  In  this 
study.  As  shown  In  fig.  1,  let  (St,  Y,  1,  TJ 
be  the  cartesian  coordinates  referred  to  an 
absolute  inertial  ftaao,  and  (x,  y,  t,  tl 
he  their  counterparts  with  reference  to  a 
moving  fraae  which  Is  fixed  In  the  ship.  We 
assume  Further  that  the  ship  undergoes  an 
arbitrary  planar  nation  such  that  Its  oast 
Ci.e. ,  the  vertical  axis  of  the  ship)  al¬ 
ways  points  vertically  upward.  The  positive 
x-dlrectlon  is  the  same  as  the  longitudinal 


axis  of  the  Ship,  pointing  to  the  front. 
Using  formal  coordinate  transformation  (2| , 
we  obtain  the  following  governing  equations 
for  the  velocity  potential  i  in  the  (x,  y, 
z ,  t)  system: 

Laplace  equation  J 

♦  +  *  +  i  =0  fl) 

Txx  Tyy  22 


Bernoulli  eouation 


1  it  -.2 

+  m  *  vs  +  ^  ;  i 

x  v  2  •  '  :< 


1*1  1  *  ez  +  tL 


ixg)t  cos  s  +  [ycjt  si 


-  fxc3t  Sin 


In  the  equations  above,  subscripts  ii  y *  z, 
and  t  denote  partial  differentiation,  while 
vc>  are  the  coordinates  of  the  instan¬ 
taneous  position  of  the  ship’s  center  of 
rotation  in  the  {X,  V,  z,  Tl  frame  of  ref¬ 
erence.  The  forward  notion  of  a  snip  Is  a 
special  case  in  which  w  =  0,  y_  =  constant, 
and,  if  we  choose  3  =  0  for  convenience,  u 
a  -  (xcjt  and  v  =  0.  Mote  that  Xc,  Yc,  and 
S  are  generally  functions  of  tine:  there¬ 
fore,  arbitrary  planar  notions  of  the  ship 
can  be  prescribed. 

Hull  Surface  Boundary  Condition 


♦*n,  * 


M*2  *  *2nJ  =  “  UB1  “  vn2 


where  (n1(  n n-,}  are  the  cartesian  tanpo- 
Rents  of*  the  unit  no^nal  vector  n  at  tht 
hull  surface,  measured  In  the  lx,  y,  i,  tj 
system, 

Klneaatlc  Free  Surface  Condition 


the  parti 


igorous  a 


eference 


be  described  by  a  ;single-valued  function  y 
=  £0(x,z)i,  where  y  is  the  distance  of  the 
hull  surfaci  measured  from  t.ie  ship's  cen¬ 
ter  plane  (i.e.,  the  x-z  plane).  The  class 
of  body  shapes  was  therefore  limited  to 
those  representable  by  fQ(x,z) ,  with  a 
sharp-edged  keel  (Fig.  2). 

To  extend  the  method  to  hulls  without 
the  restriction  of  sharp-edged  keel,  a  dif¬ 
ferent  choice  of  body-fitted  coordinate 
system  must  he  made.  With  applications  to 
tankers  and  other  wide-team  blunt-bow  ships 
in  mind,  we  choose  a  mesh  which  is  obtained 
by  deforming  the  usual  spherical  polar  co¬ 
ordinate  system  (i.e.,  stretching)  in  the 
radial  direction  in  such  a  way  that  the  new 
coordinate  surfaces  conform  to  the  free 
surface  and  the  hull.  At  the  time  this  work 
was  started  (1977),  many  researchers  had 
explored  the  use  of  very  general,  body- 
fitted  meshes  to  solve  problems  in  computa¬ 
tional  fluid  dynamics  [3]  with  considerable 
success.  This  type  of  approach  has  been 
applied  to  two-dimensional,  time-dependent 
problems  with  free  surface  and  body  inter¬ 
actions.  For  three-dimensional  problems, 
however,  this  general  approach  is  not  prac¬ 
tical  because  of  its  demand  on  computer 
time  and  storage.  As  tha  free  surface 
moves,  the  new  curvilinear  mesh  must  be  re¬ 
generated  at  each  new  time  step  and  the  co¬ 
ordinates  (x,  y,  z)  of  each  node  point  have 
to  be  stored.  It  would  also  be  very  expen¬ 
sive  to  solve  the  Laplace  equation  V2ij>  =  0 
in  such  a  system,  unless  all  the  coeffi¬ 
cients  of  transformation  are  stored  in  the 
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(b)  Cross  Sections 
Fig.  2  Shiplike  Body  with  Sharp  Keel 


computer,  which  again  consumes  a  large 
fraction  of  the  precious  storage, 

Fortunately,  for  the  ship  wave  problem 
under  consideration,  a  general  curvilinear 
mesh  is  not  needed.  The  computation  can  be 
efficiently  performed*  in  a  composite  ‘mesh 
system  as  shown  in  Fig.  3.  The  bulk  of  the 
flow  field  lies  in  the  "lower  regibn"  which 
can  be  covered  by  a  fixed  mesh  conforming 
to  the  body  surface.  In  the  "upper  region," 
a  more  general,  time-dependent  meSh  is  used 
to  conform  to  the  hull  surface,  to  the  in¬ 
terface  between  the  two  regions,  ar  to  the 
moving  free  surface.  The  upper  region  is 
relatively  small,  the  only  requirement  be¬ 
ing  that  its  lower  boundary  (i,e.,  the  "in¬ 
terface")  be  piaced  low  enough  so  that  it 
is  not  crossed  over  by  the  free  siirfiee  at 
any  time.  Since  the  more  general  mesh  sys¬ 
tem  is  used  only  in  the  small  upper  region, 
the  expensive  part  of  the  computation  is 
minimized. 

We  now  describe  the  coordinate  trans¬ 
formations  necessary  to  obtain  the  desired 
mesh  system.  Let  (r',  6',  <(i')  be  the  spher¬ 
ical  polar  coordinates  with  origin  at  point 
0  in  Figs.  3  and  A.  We  use  <!>'  to  designate 
the  angle  as  shown  in  Fig.  A  to  avoid  con¬ 
fusion  with  the  velocity  potential  The 
origin  is  suitably  located  inside  the  body 
and  placed  at  the  same  level  as  the  inter¬ 
face  between  the  upper  and  lower  regions. 
For  most  hull  shapes,  the  hull  can  be  de¬ 
scribed  by  the  single-valued  function 

r'  =  f(6',r)  .  (6) 

To  generate  a  body-fitted  coordinate  system 
(r,  e,  <(,)  ,  we  make  the  following  change  of 
variables 


z 


Fig,  3  Composite  Mesh  System1 


z 


Pig.  ^  Spherical  Coordinate  System 


t  r'  -  f(0'’,iT) 

9  =  6"  (7) 


♦  s  ♦' 

The  surface  r  =  0  coincides  with  the  hull 
surface,  and  the  plane  0  =  ir/2  separates 
the  upper  region  from  the  lower  one.  As 
shown  in  Pig.  3,  the  mesh  points  on  and  be¬ 
low  the  plane  0  =  n/2  are  fixed  in  space 
relative  to  the  ship.  The  mesh  points  at 
the  free  surface,  however,  move  with  the 
free  surface,  and  the  region  in  between  is 
divided  into  subregions  with  equal  angular 
intervals,  e.g.,  between  points  1  and  2  in 
Fig.  3  (point  2.  is  fixed  but  point  1  is  al¬ 
lowed  to  slide  up  and  down  along  the  mesh 
line  r  =  constant) .  This  arrangement  allows 
effective  resolution  of  the  flow  field  ne- - 
the  intersection  of  the  free  surface  an.t 
the  hull. 


Governing  Equations  in  the  (r,  9,  ij;) 
Coordinate  System 

The  relations  between  the  cartesian 
coordinates  (x,  y,  z)  and  the  spherical  po¬ 
lar  coordinates  (r',  e",  $')  are 


x  =  r'  sin  9'  cos  Y 


y  =  r'  sin  0'  sin  Y  (8) 


z  =  r'  cos  0' 


For  any  scalar  function  G,  defined  in  the 
space  under  consideration,  we  can  write 


Gx  =  sin  0'  cos  Y  Gr, 

+  cos  9 '  Cos  Y  G 
Gy  =  sin  0'  sin  Y 

+  -p-  cos  9'  sin  Y  G 


G 
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If  F 
have 


cos  0'  G^, 
is  another 


sin  0 ' 
r' 

scalar 


sin  Y  r 
sin  9'  Y 


,  COS  jl' 

0'  r'  sin  0' 


function,  we 


(9) 

also 


7G.7F  =  Gr,Fr,  +  ^  W 


- - r -  Gu  ,  (10) 

(r')2  sin28'  *  * 


By  the  transformation  of  Equations  (7),  we 
obtain 


Rj,  —  Gr 

g9'  =  Ge  "  £eGr 
°Y  3  G*  "  E*Gr 


(11) 


Using  Eqs.  (8),  (9),  and  (11),  Eqs.  (1)  and 
(2)  are  transformed  into 


Laplace  Equation 

j[(r  +  f)2  +  (ffl)2]  sin20  +  <e#)2j*rr 


+  sin'0  *00  + 


-  2f0  sin'0  4>re  -  ^4. r</  +  sin  0  cos  0  *6 


+  | f  2 (r  + 


[ 2 ( r  +  f)  -  f00]  sin20  -  f0  sin  0  cos  0 


(12) 


-  f  J  ,>  4  =0 


Bernoulli  Equation 
♦  t  +  ( uA  x  +  vA  ?)$t  +  (uBj  +  vB2)(t6 

+  (GCj  +  Cc2)*#  +  §jur)2 


*0  “  fe4’r 

2 

*il>  “  f iji^r 

2 

r  +  f 

T 

(r  +  f)  sin  9 

+  g (r  +  f)  cos  0  +  £  =  0  (13) 
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Hull  Surface  -Boundary  Condition 


The  hull:  surface  condition  can  how  be 
derived.  First,  we  observe  that  the  func¬ 
tion  r,  where  r  =  i"  -  f(e'iif'),  has  the 
Value  zero  at  the  hull  surface  by  defini¬ 
tion,  and  that  its  gradient  7r  is  normal  to 
the  hull  surface.  Therefore,  Vr/lVf!  is 
the  unit  vector  whose  components  are  (n^, 
n,,  no)  in  the  (x,  y,-  z)  system,  as  men¬ 
tioned  in  connection  with  Eq.  (4)i  Thus  Eq. 
(4)  can  be  written  as 

v$  •  vr  =  -  ur  -  vr  (14) 

x  y 

Using  Eqs .  (9),  (10),  (1.1),  and  applied  at 
r  =  0,  Eq,  (14)  becomes 


/M  .  /  k  V  f 

y-  J  'r  If  sin  9  J  ’r  ~  f 


- 5 — *-=-  <f„  +  uA,  +  vA,  =  0  (15) 

f2  sin -9  *  1  2 

Kinematic  Free  Surface  Condition 

We  define  a  scalar  function 

c  =  0  -  n(r,if,t)  .  (1*?) 

The  free  surface  corresponds  to  the  surface 
?  =  0,  or  9  =  n(r,iji,t)-.  Instead  of  the  usu¬ 
al  definition  as  vertical  displacement  of 
the  free  surface,  n  now  is  an  angle,  mea¬ 
sured  from  the  vertical  axis  of  the  (r, 9, if) 
coordinate  system  to  the  location  of  the 
free  surface,  along  lines  of  constant  r  and 
if  (Fig.  5).  We  can  write  Eq.  (5)  as 


?T  +  'X5X  +  *¥CY  +  Mz 


c,r  +  vg  *  7c  =  0 


From  Eqs.  (7),  (10) >  (11),  and 

’T  =  ct  +  u?x  +  v?y  ' 

which  relates  time  derivatives  in  the  iner¬ 
tial  system  to  those  in  the  moving  system, 
Eq.  (17)  becomes 


nt  +  Vr  +  D?.nif  =  uBl  +  vB2  + 


where 


Dj  =  uAj  +  vAp 


(»o  ~  £oU 

(r  +  f)2 
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r  +  f)  Ur  +  f)  sin  SI 


+  1  + 


1.0  . 

(r  +  f)2  T®  (r  +  £)2  sin2®'*’4' 


*,f  “  Mr 


D,  =  UC,  +  vC,  +  - - - 7f~ — =- 

1  /  (r  +  fp  sin  0 


In  Eqs.  (13)  to  (18),  the  following  defini¬ 
tions  are  used: 


Aj  =  sin  9  cos  if 


-  y~T1  C0S  9  6os  *  +  r  +  f 


/sin  if) 
\sin  9/ 


Ap  =  sin  9  sin  if 


bv-X;  XV 


Free  Surface 


YM&W'y 


-Line  of  Constant  r  and  if 


Fig.  5  Definition  of  n 
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Bp  =  r-  f  cos  9  sin  if 
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2  r  +  f  \sin  9/ 
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When  the  Bernoulli  equation,  Eg.  (13), 
is  applied  at  the  free  surface,  we  set  p  = 
0  and  all  the  terms  are  evaluated  at  8  =  n. 
Similarly,  all  the  terms  are  evaluated  at  0 
=  n  in  Eq.  (IB).  Mote  that  Dj  ;  0  at  the 
hull  surface  in  view  of  Eq.  (15)  and  the 
fact  r  =  0  at  the  hull. 

Equations  (12),  (13),  and  (15)  are  ap¬ 
plicable  to  the  lower  region,  since  the 
(r,  8,  ip)  coordinates  are  fixed  with  re¬ 
spect  to  the  body  and  the  mesh  lines  for 
the  lower  region  are  lines  of  constant  r, 
8,  and  p.  For  the  upper  region,  however, 
one  more  transformation  is  needed  to  obtain 
equations  appropriate  to  the  mesh  system 
moving  with  the  free  surface. 

Governing  Equations  for  Upper  Region 

Let  (X,  .7,  if)  be  the  spatial  coordi¬ 
nates  along  the  three  mesh  line  directions 
shown  in  Figs.  5(a)  and  5(b).  Also,  let  n 
Be  the  time  as  measured  at  a  given  spatial 
point  in  the  (I,  J,  K)  system.  These  vari¬ 
ables,  i.e.,  X,  .7,  K,  and"  N,  are  all  real, 
continuous  numbers.  In  this  system,  we  gen¬ 
erally  have 


r  =  r  (I , J, K, N)  =  r (I )  only 
8  =  9  ( I,  J-,  K,  N) 

(20) 

ip  =  ip(I,J,K,N)  =  ip (K)  only 
t  =  t(N) 

The  derivatives  of  a  scalar  quantity  G  are 
related  as  follows: 

Gr  =  (Gj  -  Gj®x/9j)/rx 

G0  -  V9d 

S  =  (GK  -  GJ  W^K 


Gt  =  (GN  "  G09N/6J)/tN 


(21) 


Due  to  the  special  construction  of  the  mesh 
in  the  upper  region,  8jj  =  0  there.  Using 
Eqs .  (21)  in  figs.  (12),  (13),  (15),  and 
(IB),  the  governing  equations  for  the  upper 
region  become 

Laplace  Equation 


“11*11  +  “22*JJ  +  “ 


33  VKK 


+  “l2*IJ  +  “l3*IK 


+  a23*JK  +  “1*1  +  “2*J  +  “3*K 


where 

“ii  =  n 
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(22) 


“22  =  (9j)"?  [(rl)"2(0l)2Xl  +  sin28 

+  +  2f9  sin5?9  9X 

“  ?f<p  (rl)  1  ( 'r'K )  NM 

“33  =  (*K)  2 

“12  =  (riej)_1  1-^t ^i)“l0iYi  -  2fe  sin?'° 

+  2^(^)  lfllJ 

“13  =  "  2(rI*l<)  fip 

“23  =  C 1  2(*k)  l0K  +  2(rl) 


“l  =  (rl)_1  iKrirMj  XI  +  Xjj 


(b)  Top  View  (i-K  plane) 

Fig.  6  Definition  Sketch  of  the  (I.J.K) 
System  and  indexing  of  the  Mesh  Points 


“2  =  f  Y3( -^3)^  -  (rj)  1(Tf3)I]Y1 

*  j i  (*K)'2  ((8J5_2(8k)2]j 

-  W1  uvjr'viJ 

-  2  £0  sin2e  (rr)"1[(6J)“1]i 

"  2  jV3('!'K)"1[(9j)“leK]J 

0K I  j.  | 

-  y3y?  +  (0j}_1  sin  9  cos  9 
“3  =  7  t  C ❖k )~2  JK 

Vj  =  sin2e  [ (r  +  £) 2  +  (fg)2]  +  (f^,)2 
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-  f,  sin  e  cos  o  -  f^ 

y3  =  (riejrl9i 


Hull  Surface  Boundary  Condition 


(23) 

Kinematic  Free  Surface  Condition 
(fcN)  lnN  +  D1 C r i )  1,’x  +  D2(^K)~lnK 

-  -  $o  “  ^0^1- 

=  uB.  +  VB,  +  — - -  (24) 

2  (r  +  f)2 


Bernoulli  Equation 
(tN)“1(*N  -  *jV9j)  +  (G*l  +  Ga2 )'♦> 


+  (uBi  +  vB,)*fl  +  (uc,  +  vc2)*t  + 


2/r8 
.2 


i*ry 


(*e  ~  £e»rV  (  U  ~  f»+r_  \ 

\  r  +  f  /  \(r  +  f)  sin  8/ 


+  g ( r  +  f )  cos  8  +  ^  =  0 
P 


(25) 


When  used  as  the  dynamic  condition  at  the 
free  surface,  terms  in  this  equation  are  to 
be  evaluated  at  9  =  n- 

In  the  equations  above,  i.e.,  Eqs. 
(22)-(25),  coefficients  Aj,  h?,  Bj,  B3, 
etc.,  are  the  same  as  given  by  Eqs.  (19). 
In  these  coefficients  and  in  Eqs.  (24)  and 
(25)  ,  spatial  derivatives,  such  as  $r,  $g, 
etc.,,  are  not  expanded  in  terms  of 
etc.  Computationally ,  it  is  more  efficient 
to  compute  $r,  g@,  and  $,«,  by  Eqs.  (21)  and 
temporarily  store  these  values  for  use  in 
both  Eqs.  (24)  and  (25).  The  same  consider¬ 
ation  applies  to  tg,  f^,  tgg,  and  f,j*.  The 
main  purpose  of  deriving  Eqs.  (24)  and  (25) 
is  to  provide  expressions  for  evaluating  hn 
and  ij>N,  the  time  rates  of  change  of  n  and 
$,  respectively,,  at  the  moving  free  sur¬ 
face. 

It  should  be  pointed  out  here  that  all 
the  equations  (Laplace  equation,  hull  sur¬ 
face  condition,  and  the  kinematic  and  dy¬ 
namic  free  surface  conditions)  are  employed 
in  the  upper  region,  while  only  the  Laplace 
equation  and  the  hull  surface  condition  are 
used  in  the  lower  region.  Furthermore,  Eqs. 
(22)  and  (23)  apply  equally  well  to  the 
lower  region  if  we  simply  recognize  that  9^ 
=  9j  =  9[<  =  0  in  that  region.  Therefore, 
Eqs.  (22)-(25)  constitute  the  final  set  of 
equations  for  both  regions.  Hereafter,  our 
discussion  will  be  in  the  (I,  J,  K,  N)  sys¬ 
tem. 

3.  FINITE  DIFFERENCE  APPROXIMATIONS 

The  equations  derived  in  the  preceding 
section  are  to  be  solved  by  using  finite- 
difference  approximations.  First,  we  must 
generate  a  computational  mesh.  Let  (i,  j, 
k,  n)  be  the  integer  indices  identifying 
the  mesh  points  in  the  (I,  J,  K,  N)  direc¬ 
tions,  respectively.  In  the  following  dis¬ 
cussions,  as  an  example,  ,=  ^  represents 
the  value  of  4  evaluated  at  'trte  mesh  point 
(i»  j/  k) ,  and  at  the  nth  time  level.  Fig¬ 
ures  6(a)  and  6(b)  show  the  relation  of  the 
indices  (i,  j,  k). 

Only  constant  mesh  spacings  are  con¬ 
sidered  in  this  paper  to  simplify  the  dis¬ 
cussion^  although  our  computer  program  has 
been  written  for  variable  mesh  spacings. 
Let  41  =  4J  =  4K  =  1  be  the  mesh  spacings 
in  the  I,  J,  and  K  directions,  respective¬ 
ly,  Then  we  can  write 
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etc. 


(25) 


Using  these  expressions  in  Eqs.  (22)  and 
(23)  leads  to  a  system  of  algebraic  equa¬ 
tions  with  5  as  the  only  unknown.  The  fi¬ 
nite-difference  version  of  Eq.  (22)  applies 
to  all  interior  points,  i.e.,  1  <  i  <  IMAX, 
1  <  j  <  JMAX,  1  <  k  <  KMAX,  while  that  of 
Ecu  (23)  applies  to  the  hull  surface,  i.e., 
i  =  1,  1  <  j  <  JMAX,  1  <  k  <  KMAX. 

To  apply  the  free  surface  conditions, 
Eqs.  (24)  and  (25),  we  write 

tN  =  tn+1  -  tn  =  at  (tine  step) 

vi,j,k  vi,D,k 

n+1  n 
~  ”i,k  “  ni,k 

Equation  (24)  can  be  expanded  to  read 

(tMr\  +  D1(ri)_1hI  + 
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Using  Eqs.  (27),  Eq.  (28)  becomes 
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In  this  equation,  the  term  has  been  cast 
in  implicit  form,  i.e.,  evaluated  at  the 
new  time  level  n+1.  Similarly,  applying  Eq. 
(25)  at  8  =  n  and  finite  differencing,  we 
have 


.n+1  I  I1T1  II  -1 

^i,l,k  2  i  ,  i ,  k  +  'lT>i,k  ~  ni  ,k ' 

i ,  1 ,  k 


n+1  n 


-  atj(uA1  +  vA2)*r  +  (uBj^  +  VB?)#9 


2 

J. 

6  -  f  4 

V\Jr  V¥r 

!! 

r  +  f 

T 

(r  +  f)  sin  8 
■  , 

I 

atg  (r  +  f)  cos  n"+k 


1,1, k 
(30) 


In  Eqs.  (29)  and  (30),  the  subscript  j=l 
refers  to  a  mesh  point  at  the  free  surface. 
The  last  term  in  Eq.  ‘(30)  is  implicit. 
Thus,  Eqs.  (29)  and  (30)  are  to  be  solved 
simultaneously  for  the  twc  unknowns  ^  k 
and  njk.  This  implicit  coupling  is  ne6el- 
nary  to  avoid  restr-iction  on  the  time  step 
it  by  Courant  condition  based  on  the  fast¬ 
est  wave  component  in  the  physical  system. 
The  treatment  here  is  analogous  to  the  im¬ 
plicit  formulation  for  pressure  in  the  ICE 
technique  [4)  to  remove  restriction  on  at 
by  sonic  speeds  in  calculating  low  speed 
compressible  flows.  When  Eqs.  (29)  and  (30) 
are  applied  at  points  lying  on  the  water 
line  (i.e,,  the  intersection  of  free  sur¬ 
face  with  the  hull),  the  quantity  ap¬ 
pearing  in  these  two  equations  must  be  com¬ 
puted  by  using  Eq.  (23),  which  can  be  rear¬ 
ranged  to  express  in  terms  of  and  $K. 
This  is  done  to  insure  that  both  the  free 
surface  conditions  and  the  hull  surface 
condition  are  satisfied. 
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4.  OTHER  BOUNDARY  CONDITIONS  AND  INITIAL 

CONDITIONS 

We  have  already  discussed  some  of  the 
boundary  conditions;  For  example,  Eq.  (23) 
is  to  be  satisfied  by  $  at  the  hull  sur¬ 
face,  and  simultaneous  solution  of  Eqs. 
(29)  and  (30)  provides  values  of  $n+1  at 
free  surface  points.  The  only  boundary  con¬ 
dition  remaining  to  be  described  is  that 
occurring  at  the  “outflow"  boundary,  where 
the  flow  field  is  truncated  by  the  computa¬ 
tional  mesh  (corresponding  to  i  =  IHAX  in 
Figs.  ( a )  and  (h)].  At  these  mesh  points, 
proper  outflow  condition  must  be  imposed  so 
that  waves  can  leave  the  region  of  interest 
with  minimum  amount  of  nonphysical  reflec¬ 
tions.  This  condition  is  crucial  to  suc¬ 
cessful  computation  of  wave  propagation  in 
a  limited  domain.  Details  of  the  outflow 
condition  can  be  found  in  References  1  and 
2; 

The  initial  conditions  used  in  our 
study  are  quite  simple.  The  ship  is  assumed 
to  be  at  rest  at  t  =  II,  and  then  acceler¬ 
ated  to  a  final  constant  velocity.  In  due 
time  the  flow  field  in  the  computation  do¬ 
main  should  reach  a  steady  state;  Thus,  at 
t  *  (l,  }  is  zero  everywhere,  and  n  assumes 
the  values  for  a  flat  free  surface. 

5.  SOLUTION  PROCEDURE 

The  evolution  of  the  flow  field  is  ob¬ 
tained  by  performing  step-by-step  numerical 
integration  of  the  governing  finite-differ¬ 
ence  equations  with  respect  to  time.  The 
following  is  a  description  of  the  sequence 
of  computations  required  to  advance  the 
flow  field  by  one  time  step. 

a.  Apply  the  outflow  boundary  condi¬ 
tion  to  obtain  new  values  of  n  and  * 
(i.e.,  nn+*  and  s0*!)  at  mesh  points  on 
the  outer  boundary  of  the  domain. 

b.  Obtain  nn+*  and  at  free-surface 

points  by  solving  Eqs.  (29)  and  (30) 
simultaneously. 

c.  Obtain  the  internal  distribution  of  $ 
by  solving  the  finite-difference  repre¬ 
sentation  of  Eq,  (72),  for  both  the 
upper  and  the  lower  region,  using  the 
method  of  successive  relaxation.  In 

'solving  this  equation*  various  boundary 
conditions  must  be  satisfied.  For 
example,  $  must  be  equal  to  the  value 
of  on+1  -at  the  free  surface,  which  was 
obtained  in  step  h  above;  $  is  equal  to 
the  value  of  |n+l  for  outflow  points  as 
computed  in  step  a;  at  the  hull  sur¬ 
face,  0  satisfies  Eq.  (23). 

Because  of  the  yet  unknown  quantity  ^ 

in  Eq.  (29),  which  is  the  value  of  $  at'tfse 
first  mesh  point  below  the  free  surface, 
steps  b  and  c  must  be  iterated  until  a  pre¬ 
scribed  convergence  Criterion  is  met. 

6.  EXAMPLES  AND  DISCUSSIONS 

The  present  method  has  been  employed 
to  compute  the  flow  field  and  wave  drag  for 
several  body  shapes.  For  the  purpose  of 


testing  the  various  steps  of  the  solu  ion 
procedure  and  comparing,  with  existing  the¬ 
ories,  the  forward  motion  of  a  semi— sub¬ 
merged  sphere  w as  first  simulated.  As  shown 
in  Fig.  7,  the  origin  of  the  (r,  6,  ^i)  sys¬ 
tem  is  located  below  the  center  of  the 
sphere  by  a  distance  H.  The  "upper  region" 
is  thus  bounded  by  the  free  surface  and  the 
plane  containing  the  x-axis.  The  sphere  is 
assumed  to  be  at  rest  at  the  initial  in¬ 
stant  t  =  0,  and  it  is  then  accelerated  to 
a  constant,  final;  velocity.  This  final  ve¬ 
locity  is  maintained  until  the  flow  field 
in  the  computational  domain  reaches  a 
steady  state.  During  the  early  phase  of  the 
acceleration,  when  the  free  surface  ;dis- 
plaeemeht  is  still  .very  small,  the  force 
experienced  by  the  sphere  should  be  nearly 
equal  to  one  half  of  that  experienced  by  a 
sphere  accelerating  in  an  infinite  expanse 
of  fluid.  Results  of  our  calculations  are 
in  agreement  with  this  limiting  behavior. 

The  development  of  the  surface  wave 
pattern  is  shown  in  Figs'.  8(a)-8(l),  as  a 
sequence  of  contour  plots  of  the  free  sur¬ 
face  displacement.  In  these  plots  the 
sphere  is  viewed  from  above  and  its  motion 
is  from  left  to  right.  Upward  displacement 
is  indicated  by  solid  lines,  While  broken 
lines  mean  that  the  free  surface  is  below 
the  initially  undisturbed  water  surface,  in 
Fig.  8(a),  the  sphere  has  just  started  to 
accelerate.  A  surge  of  water  appears  at  the 
bow  and  a  depression  forms'  at  the  rear. 
This  pattern  continues  to  grow  until,  at 
about  t  =  3.4,  a  new  crest  appears  at  thi 
stern  and  the  first  bow  wave  begins  to  move 
away  from  the  bow.  At  this  time,  a  pair  of 
troughs  have  developed  along  the  sides.  At 
t  =  4.6,  Fig.  8(h),  the  first  bow  wave  has 
left  the  computational  region  completely, 
and  a  new  bow  wave  just  appears.  This  be¬ 
comes  more  evident  in  Fig.  8(i).  Figure 
8(1)  shows  the  free  surface  configuration 
when  the  steady  state  is  finally  reached. 
The  Froude  number  for  this  cafee  is  Fr  = 
0.15,  based  on  the  final  .speed  of  -the 
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Fig.  7  Mesh  Configuration  for 
Semi-Submerged  Sphere 
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(b)  T  =  1.3000 


(e)  T  =  3.4000 


Fig.  8  Evaluation  of  Free  Surface  Displacement  for  the  Forward  Motion  of 

Semi-Submerged  Sphere  (F_  =  OilSi 


R.8000 


sphere-  U,  its  radius  ft,  and  the  gravita¬ 
tional  acceleration  g.  In  all  our  discus¬ 
sions,  lengths  are  normalized  by  L  (charac¬ 
teristic  length  of  the  problem) ,  velocities 
by  /gL,  and  time  by  /L/g.  In  this  case,  L  = 
ft.  Figures  9(a)-9(l)  show  a  similar  se¬ 
quence  of  contour  plots  for  the  case  F_  = 
0.10.  These  close-up  plots  show  more  de¬ 
tails  of  the  Wave  pattern  in  the  vicinity 
of  the  sphere  than  do  Figs.  8(a)-8(l). 

Wave  drag  can  be  calculated  by  inte¬ 
grating  the  pressure  distribution  over  the 
wetted  hull  surface  a->d  taking  the  compo¬ 
nent  opposite  the  direction  of  the  ship's 
motion.  The  pressure  at  each  mesh  point  ly¬ 
ing  on  the  hull  surface  can  be  easily  com¬ 
puted  by  using  the  Bernoulli  equation,  Eq. 
(25).  For  Fr  =  0.10,  n.15,  and  0.20,  our 
computed  wave  drags  are  compared  with  the 
theory  of  Baba  and  Hara  (5).  in  Fig.  10. 
Note  that  the  characteristic  length  used  in 
cheir  Froude  number  is  L  =  2R.  Thus,  our_Ff 
=  0.2  is  equivalent  to  their  Fr  =  0.2//2  = 
0.141.  The  resistance  coefficient  Cw  is  de¬ 
fined  as 

R 

cw  =  i — r — ?  (31) 
|  Pir(2Rr 

where  R.,  is  the  net  horizontal  force  exper¬ 
ienced  by  the  sphere. 

As  another  test  case,  the  flow  about 
an  HSVA  tanker  {63  ahd  the  associated  wave 
drag  were  simulated.  The  hull  geometry  of 
an  HSVA  tanker  is  shown  in  Fig.  11.  Again, 
the  tanker  is  initially  at  rest,  and  then 
accelerated  to  a  constant  speed.  The  compu¬ 
tation  is  terminated  when  the  steady  state 
is  reached.  The  computed  values  of  wave 
drag  for  several  Froude  numbers  Fr  are  com¬ 
pared  with  experimental  measurements  in 
Fig.  12.  The  agreement  is  judged  to  be  rea¬ 
sonably  good.  Steady  states  were  obtained 
for  F  <  0.15.  For  Fr  =  0.15,  however,  the 
flow  field  does  not  settle  down  to  steady 
state.  For  Fr  >  0.17  the  bow  wave  steepens 
sharply  and  its  amplitude  grows  rapidly. 
This  behavior  seems  to  be  consistent  with 
some  experimental  evidence  that  breaking  of 
bow  waves  may  occur  at  these  values  of 
Froude  number. 

An  interesting  application  of  the 
present  method  is  to  study  the  effect  of 
change  in  hull  geometry  on  the  flow  pattern 
and  wave  drag.  The  HSVA  tanker  in  Fig.  11 
is  modified  to  add  a  protruded  nose  at  the 
lower  portion  of  the  bow,  as  shown  in  Figs. 
13  and  14.  With  the  modified  bow,  we  found 
the  instability  of  the  bow  wave  occurring 
at  0.18  <  F,  <  0.19,  higher  than  that  for 
the  original  HSVA  tanker.  Thus,  the  pro¬ 
truded  bow  seems  to  delay  the  threshold  of 
wave  breaking  to  a  higher  Froude  number. 
The  wave  drag  coefficients  for  this  calcu¬ 
lation  are  also  shown  in  Fig.  12.  Although 
the  coefficient  for  the  modified  HSVA  is 
greater  than  that  for  the  original  HSVA  (at 
Fr  =  0.15),  it  must  be  noted  that  for  tank¬ 
ers  most  of  the  resistance  comes  from  wave 
breaking,  and  therefore  the  delay  on  wave 
breaking  can  significantly  contribute  to 


the  reduction  of  the  total  wave  drag.  The 
sharp  increase  of  wave  resistance  for  Fr  > 
0.15  in  the  experimental  data  is  in  fact 
due  to  the  formation  of  breaking  waves. 
Thus,  by  comparing  our  computed  value  of 
for  the  modified  HSVA  and  the  measured  Cw, 
we  can  see  that  a  50%  reduction  of  the  wave 
drag  is  possible  at  Fr  =  0.17,  and  even 
more  at  Fr  =  0.18. 

The  development  of  free  surface  wave 
pattern  near  the  hull  of  the  modified  HSVA 
tanker  is  shown  in  Figs.  15(a)-15(h).  The 
motion  of  the  ship  is  from  left  to  right. 
The  steady  state  is  reached  after  t  >  3.70, 
as  in  Figs.  15(g)  and  15(h).  The  computa¬ 
tional  mesh  on  the  center  plane  is  shown  in 
rig.  16  for  the  HSVA  and  in  Fig.  17  for  the 
modified  HSVA,  with  the  bow  of  both  point¬ 
ing  to  the  right.  Close-up  of  the  mesh  near 
the  bow  for  the  HSVA  is  shown  in  Fig. 
18(a).  Velocity  vectors  associated  with 
each  mesh  po*nt  are  shown  in  Fig.  18(b)  in 
an  inertial  frame  of  reference,  while  the 
same  velocity  field  with  frame  of  reference 
fixed  in  the  ship  is  shown  in  Fig.  18(c). 
Similar  plots  are  shown  in  Figs.  19(a)- 
19(c)  for  the  stern  region.  Figures  20(a)- 
20(c)  and  Figs.  21  (a) -21(c)  show  the  same 
type  of  information  for  the  modified  HSVA 
tanker. 


r\K.  1*1*  KJwt  4^0  W  Nji.it.  £,«-  « 

This  work  was  sponsored  by  the  Office 
of  Naval  Research  under  the  Fluid  Dynamics 
Program. 


REFERENCES 

1.  Orlanski,  I.,  "A  Simple  Boundary 
Condition  for  Unbounded  Hyperbolic  Flows," 
Journal  of  Computational  Physics,  Vol.  21, 
1976. 

2.  Chan,  R.  K.-C.,  "Finite  Difference 
Simulation  of  the  Planar  Motion  of  a  Ship," 
Proceedings  of  the  Second  International 
Conference  on  Numerical  Ship  Hydrodynamics, 
Berkeley,  California,  1977,  pp. 39-52. 

3.  Thompson,  J.  F. ,  Thames,  F.  C.  and 
Mastin,  c.  w.,  "Automatic  Numerical  Genera¬ 
tion  of  Body-Fitted  Curvilinear  Coordinate 
System  for  Field  Containing  Any  Number  of 
Arbitrary  Two-Dimensional  Bodies,"  Journal 
of  Computational  Physics,  Vol.  15,  1974, 
pp.  299-319. 

4.  Harlow,  F.  H.  and  Amsden,  A.  A.,  "A 
Numerical  Fluid  Dynamics  Calculation  Method 
for  All  Flow  Speeds,"  Journal  of  Computa¬ 
tional  Physics,  Vol.  8,  1971,  pp. 197-213. 

5.  Baba,  E.  and  Hara,  M.,  "Numerical 
Evaluation  of  a  Wave-Resistance  Theory  for 
Slow  Ships,"  Proceedings  of  the  Second  In¬ 
ternational  Conference  on  Numerical  Ship 
Hydrodynamics,  Berkeley,  California,  1977, 
pp. 17-29. 

6.  Collatz,  G,,  "Mass-stabsuntersuch- 
ungen  fur  ein  Model!  grosser  Volligkeit," 
Forschungszentrura  des  Deutschen  Sfihiffbaus, 
Hamburg,  Bericht  Nr.  28,  1972. 


(a)  T  =  0. 1?,00 


(e)  T  =  0.7800 


(b)  T.  =  0.4000  *  {£}  T  =  1.6000 
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Fig.  15  Contours  of  Ftee-Surface  Displacement  for  the  Modified  HSVA  Tanker 


Fig.  17  Computational  Mesh  for  the  Modified  HSVA  Tanker 


Fig.  18  Mesh  and  Velocity  Vector  Field  Near 
the  Bow  of  HSVA  Tanker  (F,.  =  0.15) 


Fig.  19  Mesh  and  Velocity  Field  Near  the 
Stern  of  HSVA  Tanker  (F„  =  0,15) 


Discussion 


H.  Miyata  (Umv,  of  Tnk.oi 

The  authors-'  numerical  method  seems 
not  to  be  effective  for  the  estimation  of 
the  linear  dispersive  wave  system  but  is 
effective  for  the  estimation  of  local  non¬ 
linear  waves  in  the  near field  of  ships, 
such  as  free-surface  shock  waves. 

One  of  the  authors  developed  a  modi¬ 
fied  MAC  method  (SUMMAC)  in  1970*.  I 
think  MAC  method  is  preferable  to  the 
present  method  for  the  calculation  of  non¬ 
linear  flows  around  the  bow  because  it  is 
a  direct  calculation  of  the  Navier-Stokes 
equation. 

The  authors'  opint^n  will  be  greatly 
appreciated . 

*  Journal  of  Computational  Physics  6, 

68-94  (1970) 


sides,  to  the  discusser,  the  present  results 
seem  not  to  be  free  from  the  above  errors; 
in  spherical  polar  coordinates,  the  hull- 
surface  panel  sizes  around  bow  and  stern 
or  free  surface  and  the  grid  spacing  near 
centerplane  or  free  surface  get  unevenly 
coarse  which  are  the  most  important  domain 
in  ship  wave  problems. 

The  discusser  is  of  convince  that  it 
is  primarily  important  the  numerical  scheme 
should  be  always  checked  for  simple  cases 
(the  present  computations  for  the  sphere 
do  not  play  that  role) .  Only  from  the  wave 
resistance  results  we  can  not  evaluate  the 
method  properly. 
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K.  Mori  (Hiroshima  Univ.) 

The  discusser  appreciates  the  paper 
presented  by  Drs.  Chan  and  Chan. 

The  method  is  quite  general  and  promis¬ 
ing.  The  generality  brings  forth,  on  the 
other  hand,  requirements  of  unrealistic 
computing  time  and  huge  memory  storage. 

Then  computations  are  forced  to  be  carried 
out  by  use  of  coarse  mesh  sizes  and  domains 
of  computation  to  be  restricted  insuffi¬ 
ciently  for  our  demands.  According  to  the 
discusser's  primitive  experiences,  the  mesh 
si2e  is  crucial  for  the  final  results. 

Fig.Al  shows  the  wave  profiles  due  to 
a  2-D  submerged  point  source  compared  with 
analytic  solutions,  where  K0f=1.0;  Ko:  wave 
number,  f  ;  depth  of  submergence.  The 
method  is  the  Rankine-source  method  differ¬ 
ent  from  that  of  Drs.  Chan  and  Chan.  The 
mesh  size  of  0.25  may  be  the  minimum  in  3- 
D  cases  for  usual  computers.  The  results 
are  not  satisfying;  the  wave  length  is  short¬ 
er  and  the  amplitude  is  a  little  large  (of 
course  this  depends  on  differencing  schemes) . 
The  discusser  recalls  that  the  authors'  last 
results  were  noted  by  Professor  Newman  for 
the  same  tendencies  in  wave  length  D .  Dr. 
Hess  has  also  examined  the  errors  through 
his  pilot  computations  2> .  He  proposes, 
in  order  to  be  free  from  such  errors,  the 
use  of  the  higher  approximations  for  free- 
surface  figures  and  related  quantities. 

The  introduction  of  them  improves  the  errors 
(+  in  Fig.Al) . 

Though  it  is  not  clear  how  finite  the 
mesh  sizes  of  dl,  dJ,  6K=1  are  compared 
with  the  wave  length,  they  are  suspected 
to  be  rather  coarse  because  the  wave  length 
of  the  present  cases  is  very  short.  Be- 
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V?ave  profiles  of  a  2-D  submerged  point  source 
obtained  by  Rankine  Source  Method  for  differ¬ 
ent  numerical  schemes  (Ko$=l-0>  oo=2tiU/Ko» 
Co: source  strength,  U: uniform  velocity) 
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Y  Kayo '%'«• 

I  have  enjoyed  reading  this  paper  and 
am  impressed  with  the  authors1  effort  to 
solve  numerically  the  exact  boundary-value 
problems  within  the  framewors.  of  jotentiai 
theory . 

The  authors  found  that  the  numerical 
simulation  of  the  flow  field  around  a  Cull 
hull  form  did  not  settle  down  to  the  steady- 
state  at  higher  F roude  numbers .  The  au¬ 
thors  explained  that  the  waves  might  break 
beyond  these  speeds  when  the  bow  wave 
steepened  sharply  and  became  unstable. 

To  get  a  better  understanding  of  the 
wave-breaking  phenomenon,  the  present  dis¬ 
cusser  made  an  experimental  study  of  a  bow 
wave  of  a  full  ship  model  by  a  flow  visual¬ 
ization  technique.  A  6ro  model  in  length 
was  used  to  observe  the  flow  field  around 
her  bow  in  the  Nagasaki  Experimental  Tank 
of  Mitsubishi  Heavy  Industries. 

Fig.l  is  the  photcgrapn  of  the  flow- 
field  observed  at  the  central  plane  in 
front  of  the  model.  A  vortical  fluid 


movement  is  seen  vest  below  tne  ciSturoec 
free  surface  where  the  wove  breaks.  This 
fluid  region,  which  may  be  considered  as 
turbulent  flow,  dees  not  spread  widely  in 
depth.  The  thickness  of  this  turbulent 
flow  is  nearly  the  same  as  the  wave  heigh 
itself . 

From  this  observation  the  bow-wave 
breaking  seems  to  resemble  the  phenomenon 
of  the  decelerated  stagnation  flow  with 
separation  as  shown  in  Fig. 2  .  It  is 

known  even  in  the  case  of  free-surfaee 
flows  that  an  upstream,  vertex  is  formed. 
The  free  surface  is  then  considered  to 
behave  like  a  membrane  as  pointed  out  by 
Konji  m  an  experimental  study  around 
Re  to  10 The  very  thin  layer  of  the  fre 
surface  moves  with  the  body  while  the  ilu 
below  the  layer  does  not  move  so  fast. 
Therefore  a  thin  layer  such  as  a  laminar 
boundary  layer  is  developed  beneath  the 
free  surface. 

The  present  discusser  considers  that 
the  shear  flow  at  the  free  surface  is  the 
cause  of  the  bow  wave  creasing  of  a  lull 
form.  To  clarify  the  mentioned  instabili 


’ig.  1  Flow  around  the  bow 
Vm=l . 234m/s  r n=0 .167 


Decelerated  stagnation  flow  witn 
separation  \as  photographed  by 
Foettir.qer  and  printed  in  Ref.l) 
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of  the  two  methods  ? 


ty  of  the  free  surface  in  the  case  of  a 
flow  of  large  Reynolds  number,  around 
RetelO7,  the  present  discusser  made  some 
observations . 

A  sheet  of  vinyl  film  was  made  afloat 
and  was  towed  with  the  same  speed  as  the 
ship  model  in  front  of  her  to  retard  th~ 
ilow  of  a  thin  free  surface  layer.  When 
the  sheet  was  present  the  wave  breaking 
was  developed  more  heavily  and  the  area  of 
breaking  expanded  widely. (Fig. 3  and  4) 

It  was  also  found  that  the  bow-wave 
breaking  could  be  controlled  by  a  means 
usually  used  to  prevent  boundary-layer 
separation.  Namely,  when  accelerating  the 
thin  surface  layer  by  using  a  water  spray 
or  a  blower,  the  wave  breaking  decreased 
considerably. 

Judging  from  the  above  mentioned  be¬ 
havior  of  the  bow-wave  breaking,  the  pres¬ 
ent  discusser  thinks  that  it  may  be  con¬ 
sidered  that  the  breaking  of  bow  wave  is 
due  to  flow  separation  at  the  free  surface. 

I  would  like  to  suggest  that  such  flow 
characteristics  of  the  free  surface  should 
be  taken  into  account  in  the  next  stage  of 
the  development  of  numerical  work. 
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H.  Manic  (Yokohama  N.  umv.) 

The  authors  have  developed  a  purely 
numerical  method  to  calculate  the  free-sur- 
face  flew  around  a  ship  whose  shape  can  be 
quite  general.  This  paper  is  very  interest¬ 
ing  because  the  computation  procedure  is 
described  in  considerable  detail.  The 
method  seems  very  versatile  and  is  promising 
in  the  sense  that  the  exact  non-linear 
boundary-value  problem  can  be  handled  di¬ 
rectly.  This  is  a  kind  of  space-discretiza¬ 
tion  met.-iod,  and  its  shortcoming  is  the 
requirement  of  large  computer  capacity.  On 
observing  the  computation  results,  I  feel 
that  the  mesh  division  is  not  fine  enough 
to  obtain  wave  patterns  which  are  comparable 
with  measurement.  I  wish  to  hear  the 
authors*  opinion  about  the  feasibility  of 
this  method  by  the  use  of  existing  large 
computers.  There  is  another  method  of 
numerical  computation  of  the  free-surface 
flow,  that  is  the  method  of  boundary  dis¬ 
cretization.  This  method  assumes  source 
distribution  over  the  free  surface  as  well 
as  hull  surface.  Starting  from  the  initial 
rest,  the  solution  is  calculated  in  succes¬ 
sion  by  a  finite-difference  method.  Thus 
the  mesh  division  is  two-dimensional  in 
contrast  to  the  three-dimensional  discreti¬ 
zation  of  the  present  method.  What  is  the 
authors*  opinion  about  the  relative  merit 


K.  Nakatake  (Kyushu  Umv.} 

I  appreciate  Drs.  Chan  and  Chan  for 
their  pioneering  work  in  this  field. 

I  have  two  discussions. 

In  the  Orlanski's  boundary  condition, 
what  is  the  converged  value  of  the  phase 
velocity  C  at  the  final  steady  siate  ? 

In  their  method,  they  must  solve,  for 
a  huge  number  of  unknowns.  Most  of  them 
have  no  relation  with  wave  motion  directly . 
Is  it  possible  to  reduce  them  by  using  the 
solution  of  the  double-body  flow  ? 


Author’s  Reply 


R.K.-C.  Chan  (JAYCOR) 

Reply  to  Prof.  Miyata 

The  present  method  is  indeed  designed 
for  studying  waves  in  the  near  field  of 
ships.  Both  linear  and  nonlinear  waves 
can  be  effectively  computed  if  the  mesh 
resolution  is  fine  enough.  As  it  stands  * 
now,  of  course,  it  cannot  handle  the  for¬ 
mation  of  free  surface  shock  waves,  which 
involves  rotation  of  fluid  elements.  The 
"upper  region"  of  our  model  can  be  easily 
extended  to  use  Navier-Stokes  equation. 

The  S'JMMAC  Method  (Stanford-University- 
Modified-Marker-and-Cell  Method)  was  devel¬ 
oped  by  myself  about  10  years  ago.  The  prob¬ 
lem  with  SOMMAC  when  applied  to  ship  problem 
is  that  boundary  conditions  at  the  hull  sur¬ 
face  are  difficult  to  apply  for  general  hull 
geometry,  because  SOMMAC  uses  a  fixed  rec¬ 
tangular  mesh.  However,  for  simple  geom¬ 
etries,  such  as  a  wedge -like  prism  with 
a  truncated  flat  bottom,  SUMMAC  may  be  quite 
useful  as  a  tool  for  nonpotential  flow  simu¬ 
lations. 


Reply  to  Prof.  Mori 

Professor  Mori  is  quite  correct  in 
pointing  out  the  fact  that  the  resolution 
of  the  computational  mesh  can  affect  the 
solution  to  a  large  extent.  And,  in  fact, 
we  have  not  used  the  kind  of  fine  resolution 
which  we'd  like  to  use  in  the  sample  prob¬ 
lems.  In  the  sample  calculations  the  mesh 
size  was  largely  dictated  by  the  small  core 
memory  of  the  CDC7600  system.  We  could 
have  used  the  large  core  memory  to  increase 
resolution  in  our  calculations.  It  is  also 
quite  true  that  generality  of  the  method 
requires  much  higher  cost  of  computation. 

A  typical  computation  to  reach  steady  state 
from  the  initial  rest  position  costs  about 
100  US  Dollars.  (Which  may  not  be  too  bad 
for  our  Japanese  colleagues  if  the  US  dollar 


keeps  devaluating  with  respect  to  Yen)  But 
seriously,  our  general  approach  is  indeed 
much  more  expensive  than  other  schemes  that 
take  advantage  of  the  properties  of  poten¬ 
tial  flow.  However,  our  model  can  be  easily 
extended  to  include  no.ipotential  flow  fea¬ 
tures,  such  as  the  shear  layer  near  the  free 
surface  as  suggested  by  Dr.  Kayo.  For  prob¬ 
lems  like  that,  X  don't  see  how  the  Rankine 
source  method  would  work.  I  think  there 
simply  isn't  such  thing  as  something  for 
nothing.  The  objective  of  our  work  was  to 
experiment  with  a  fairly  general  numerical 
method,  making  use  of  fewer  assumptions. 
Therefore,  our  present  method  must  be  con¬ 
sidered  as  a  research  tool  with  which  various 
hypotheses  and  mechanisms  can  be  tested, 
but  not  as  a  tool  for  day-to-day  calculation 
in  ship  design. 

Reply  to  Dr.  Kayo 

From  his  experimental  observations, 

Dr.  Kayo  offers  an  explanation  for  the  bow 
wave  breaking  of  a  full  form.  He  considers 
the  shear  flow  at  the  free  surface  as  the 
major  cause  for  breaking.  Since  our  present 
model  assumes  a  potential  flow,  we  are  not 
able  to  compare  our  results  with  his  obser¬ 
vation.  However,  the  “upper  region”  in  our 
model  can  be  generalized  to  simulate  non¬ 
potential,  shear  flows,  which,  together  with 
more  experimental  work,  may  lead  to  a  better 
understanding  of  the  breaking  mechanism  and 
perhaps  a  more  realistic  mathematical  model 
to  handle  the  complicated  interaction  be¬ 
tween  the  shear  layer  and  the  free  surface. 


Reply  to  Prof.  Maruo 

Professor  Maruo  has  asked  two  questions. 
The  first  is  about  the  feasibility  of  our 
method  using  existing  large  computers,  and 
the  second  is  the  relative  merit  of  our 
approach  compared  to  the  method  of  source 
distribution.  To  the  first  question,  I 
would  say  that  it  is  quite  feasible  to  use 
our  method  with  good  spatial  resolution  in 
large  computers,  such  as  the  CDC7600.  As 
stated  in  my  reply  to  Prof.  Mori,  our  sam¬ 
ple  calculations  reported  in  the  paper  were 
dictated  by  the  size  of  the  small  core 
memory  of  the  CDC/600.  And  the  mesh  used 
in  these  samples  was  rather  coarse.  By 
using  the  large  core  memory,  we  would  be 
able  to  increase  the  resolution  quite  a 
bit.  I  should  also  point  out  that  the  dis¬ 


crete  distribution  of  velocity  potential  $ 
below  the  free  surface  is  the  major  reason 
for  requiring  large  amount  of  computer  time 
and  storage.  Nowadays,  there  exist  several 
very  powerful  methods  for  solving  discre¬ 
tized  elliptic  equations  which  may  be  used 
to  drastically  reduce  the  computer  time. 

In  addition,  the  new  vector  processor  in 
some  computers  can  reduce  the  computer  time 
even  further.  To  the  second  question,  X 
would  agree  that  the  method  of  boundary 
source  distribution  is  superior  to  our 
method,  if  one  is  interested  in  steady- 
state  potential  flows  only.  But  to  include 
nonpotential-flow  features,  such  as  the 
free  surface  shock  waves,  it  is  not  clear 
to  me  how  the  source  distribution  method 
can  be  extended,  while  our  approach  seems 
to  have  a  reasonable  chance  of  including 
additional  physics  which  may  not  be  repre¬ 
sentable  by  potential  flow. 


Reply  to  Prof.  Nakatake 

Professor  Nakatake 's  first  question 
refers  to  our  outflow  boundary  condition 
which  is  described  in  an  earlier  paper  by 
me  and  presented  at  the  Second  Internation¬ 
al  Conference  on  Numerical  Ship  Hydrodynam¬ 
ics  in  Berkeley  three  years  ago.  As  I 
recall,  the  value  of  C  (the  local  Wave 
velocity  at  the  outflow  boundary  point)  is 
never  directly  computed.  The  quantity  C 
is  used  only  in  deriving  the  ultimate  finite 
difference  expression  which  gives  a  predic¬ 
tion  for  the  flow  variables  at  the  boundary 
point  as  a  function  of  the  time  step  and  the 
information  inside  the  flow  domain  and  back¬ 
ward  in  time.  When  steady  state  is  reached, 
there  is  no  more  wave  propagation  through 
the  boundary,  and,  therefore,  the  value  of 
C  (if  computed)  would  approach  zero.  The 
second  question  is  whether  it’s  possible  to 
perform  calculations  in  a  more  limited  flow 
domain,  using  the  double-body  flow  as  the 
base  flow,  and  just  focus  on  the  pertur¬ 
bation.  The  answer  is  certainly  yes.  That, 

I  think,  would  cut  down  the  computer  time 
and  storage  requirement  considerably.  In 
fact,  by  comparing  the  solutions  produced 
by  the  more  complete  model  and  the  double¬ 
body  linearization,  one  can  determine  whether 
the  simpler,  double-body  approach  is  suf¬ 
ficient  for  all  practical  purposes.  I  ap¬ 
preciate  this  suggestion  from  Professor 
Nakatake. 
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On  the  Time  Dependent  Potential  and 
Its  Application  to  Wave  Problems 

Hiroyuki  Adachi  and  Shigeo  Ohmatsu 

Ship  Research  Institute 
Tokyo,  Japan 


ABSTRACT 


The  2-Dimensional  time  dependent  po¬ 
tential/  governed  by  the  Laplace  equation 
and  satisfying  the  linearized  free  surface 
condition  and  the  initial  condition,  has 
many  applications  to  ship  wave  problems, 
especially  to  the  problem  of  bodies  making 
arbitrary  motion  starting  from  t=0. 

The  corresponding  boundary  value  prob¬ 
lem  to  the  potential  has  some  interesting 
features  which  are  considered  to  be  impor¬ 
tant  from  the  point  of  the  numerical 
analysis  of  the  problem.  We  discuss  this 
problem  and  propose  the  method  of  numerical 
treatment  of  the  boundary  value  problem. 

Three  applications  of  the  2-D  time  de¬ 
pendent  potential  will  be  discussed.  First 
the  response  of  bodies  to  the  given  inci¬ 
dent  waves  and  the  radiation  wave  problem 
of  the  motion  of  bodies  are  discussed. 
Secondly  the  so-called  "high  speed  slender 
ship  theory",  that  is  a  kind  of  "strip  the¬ 
ory"  with  forward  speed  effect,  is  discuss¬ 
ed.  Thirdly  the  flow  field  around  the  bow 
near  field  in  the  steady  ship  motion  prob¬ 
lem  is  analysed  by  making  use  of  the  slen¬ 
der  ship  theory  under  the  low  speed  assump¬ 
tion. 


NOMENCLATURE 


A 

a 

B(v,z) 
c(t),  c (x) 

CiD 

De,  Di 
D(x,y) 

E(x) 


Constant  in  (56) 

H-lf  breadth  of  cylinder 
Normal  velocity  on  hull 
Hull  contour  at  t  or  x 
Restoring  force  or  moment 
coefficient 

Exterior  and  interior  re¬ 
gions 

Source  distribution  on 

free  surface 

Memory  effect  function 


E (x,y) 

Fe,  Fi 

Fi(t) 

F(x,y) ,  Fj (x,y) 

G(y,z,n,S,t-ti 

G*(y,z,n,5,X) 

G(x,y,z,C,n,U 

9 

S(t,g) 

R*(X,g) 

H(k,6) 


K,  Kj 


Source  distribution  on  free- 
surface 

Free  surface  outside  and  in¬ 
side  of  c 

External  force  in  i  th  mode 

Source  distribution  on  free 
surface 

Green's  function 
Green’s  function 
Green's  function 
Gravitational  acceleration 
Kochin  function  in  time  do¬ 
main 

Kochin  function  in  frequency 
domain 

Kochin  function  in  steady 
wave  making  resistance 
=  X:/g,  X  -  '/g ,  Wave  number 


Lij(t) 


Memory  effect  coefficient 
function  in  (39) 

Mass  or  moment  of  inertia 
coefficient 

2- D  normal  directed  into  c 

3- D  normal  directed  into  SB 


n^Q) 

P,  P 

Q 


v(Q,t) 

(x,y,z) 

Y (x)  ,  Y*(>.) 

5 


(C,n,e) 

0 (x,y) 


i  th  component  of  generaliz¬ 
ed  vector 

Field  point  in  De  and  Di 
Point  on  hull 
Ship  hull  surface 

Normal  velocity  on  hull 
Cartesian  coordinates 
Line  source  distribution  and 
its  Fourier  transform 
Small  parameter  representing 
slowness 

Small  parameter  representing 
slenderness 
Coordinates  on  hull 
Free  surface  elevation 
Frequency  of  motion,  j  th 
irregular  frequency 
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V 

p 

o(Q,t) , 

$ (Pi t) , 

4»(P,t) 

u 


Added  mass  or  added  moment 
of  inertia 
=g/Ua ,  wave  number 
Density  of  fluid 

o*(Q,A)  Source  distribution  and  its 
Fourier  transform 
Velocity  potential  and  its 
Fourier  transform 
Temporal  velocity  potential 
Motion  frequency 


1.  INTRODUCTION 


In  ship  hydrodynamic  problems,  espe¬ 
cially  for  motions  of  a  floating  body  on  the 
free  surface,  the  full  3-D  problem  may  be 
reduced  to  the  2-D  problems.  Notably  if 
the  ship  were  slender  in  some  sense,  the 
well  known  technique  of  the  slender  body 
theory  will  be  applied  to  get  the  2-D  prob¬ 
lem  which  is  more  easily  analysed  and  calcu¬ 
lated  than  the  original  3-D  problem.  In 
many  cases  such  simplified  treatment  gives 
us  satisfactory  results.  For  an  extraordi¬ 
nary  example,  we  can  refer  to  the  ship  mo¬ 
tion  problem  in  regular  sea  waves  by  the 
strip  theory,  tl] 

Now  we  confine  ourselves  to  the  poten¬ 
tial  flow  problem  of  slender  ships  which 
make  motions  on  the  water  surface  either 
steadily  or  unsteadily.  In  the  field  near 
to  the  ship  body,  the  slender  ship  theory 
suggests  that  the  3-D  field  equation,  in 
the  concerning  case  the  3-D  Laplace  equation 
for  the  disturbance  potential,  can  be  re¬ 
duced  to  the  2-D  field  equation  in  the  lat¬ 
eral  (y,zj  plane  that  is  either  the  2-D 
Laplace  equation  or  the  2-D  Helmholtz  equa¬ 
tion  according  to  the  mode  of  ship  motion. 
The  former  equation  appears  in  such  problem 
as  that  for  a  ship  running  through  the  calm 
water  making  forced  oscillations  [2}  or 
that  for  a  ship  running  steadily  on  the 
calm  water  surface,  f 3 J  The  latter  equa¬ 
tion  appears  when  a  ship  with  its  motion 
fixed  running  through  regular  waves  of  rel¬ 
atively  short  wave  length.  [4]  Therefore, 
we  can  consider  the  following  degenerated 
field  equations. 


and 


[LJ  0  +  $  +  0  =0 

xx  yy  zz 


fL]2D  0yy  +  *zz  =  0 
ILI2D  *yy+*zz-k2<  “® 


(1) 

(2) 


These  conditions  apparently  lack  the  3-D 
effect  which  may  be  represented  by  the  dif¬ 
ferentiation  with  respect  to  x,  so  that  the 
problem  in  the  near  field  must  be  solved  as 
the  genuine  2-D  boundary  value  problems. 

From  the  combination  of  the  2-D  field  equa¬ 
tion  and  the  free  surface  condition  we  can 
consider  the  three  types  of  the  basic  2-D 
boundary  value  problem  which  have  been  fully 
studied  so  far.  They  are  composed  of  the 
combination  of  tl)— (2) ,  (2)-(3)  and  (l)-(4) 
with  suitable  body  boundary  conditions  and 
radiation  conditions  or  matching  conditions. 

In  the  process  of  the  development  of 
the  slender  ship  theory,  another  type  of  the 
basic  boundary  value  problem  has  come  out. 
When  a  slender  ship  runs  with  uniform  speed, 
it  is  well  recognized  that  some  irregularity 
near  to  the  bow  appears  in  the  slender  ship 
theory.  [5]  To  avoid  this  irregularity,  the 
bow  near  field  has  been  introduced.  The  bow 
near  field  concept  for  the  steady  motion 
problem  leads  to  the  free  surface  condition, 
16] 


[F]  cxx  +  vdz  =  0  on  z=0  (5) 

where  v=g/U* .  And  when  a  ship  is  running 
with  uniform  speed  making  forced  oscilla¬ 
tions,  the  strip  theory  whose  basic  boundary 
problem  is  the  combination  (l)-(3)  may 
become  inadequate  with  increasing  forward 
speed.  It  is  believed  that  the  forward 
speed  effect  has  to  be  introduced  in  the 
free  surface  condition.  For  the  attempt  of 
the  introduction  of  the  forward  speed  effect 
in  the  free  surface  condition,  the  oscilla¬ 
tion  problem  [7]  leads  to 

IF]  {  i^  +  4-  =  0  on  z=0  . 

U  ox  z  (6) 

The  problem  of  combination  (13- (5)  with 
the  body  boundary  condition  and  the  suitable 
causality  condition  gives  us  a  new  basi* 
boundary  value  problem  in  ship  hydrodynamics 
which  is  different  from  those  mentioned  pre¬ 
viously.  The  combination  (1}-{6J  seems  to 
be  much  more  complicated  than  that  of  (13- (5) 
however  as  will  be  shown  in  §3.2  the  found- 
mental  key  problem  can  be  reduced  t,o  the 
problem  of  the  combination  of  (l)-(53. 

The  new  basic  boundary  value  problem 
which  was  first  proposed  by  Ogilvie  16]  for 
a  simple  wedge  shaped  bow,  has  other  side  of 
meaning.  To  understand  this  conceptually, 
let's  change  the  space  variable  x  into  time 
variable  t  by  t=x/U,  getting 


The  3-D  effect  enters  only  indirectly  into 
t  when  the  boundary  condition  does  not  in¬ 
clude  the  3-D  effect.  In  ship  motion  prob¬ 
lem  12]  and  14]  the  free  surface  conditions 
take  the  following  form, 

[FJ  K'i  -  iz  =  0  on  z=0  {3} 

where  K=e«‘/g,  and  in  the  steady  wave  making 
problem,  (33 

IF]  ■*  =  0  on  z=0  {4} 

z  * 


IF]  6  +  gl2  =0  on  z=0  .  (7) 

The  combination  (l)-(?)  with  the  body  bound¬ 
ary  condition  which  may  change  with  time  and 
the  initial  condition  defines  a  well  estab¬ 
lished  2-D  water  wave  problem.  Since  the 
free  surface  condition  (73  depends  on  time, 
we  call  the  basic  boundary  value  problem 
with  the  initial  condition  the  "time  depend¬ 
ent  boundary  value  problem",  even  if  the 
condition  C5)  were  adopted. 

There  may  be  many  applications  in  the 
ship  hydrodynamics  whose  basic  problem  coin- 
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cides  with  the  time  dependent  boundary  value 
problem.  First  of  all  the  analysis  of  the 
motion  of  a  floating  body  which  makes  arbi¬ 
trary  motion  from  time  t=0  is  a  direct  ap¬ 
plication  of  the  problem.  If  the  motion 
amplitude  of  the  floating  body  is  so  small 
for  the  body  boundary  condition  to  be  trans¬ 
lated  onto  its  equilibrium  position,  the  time 
dependent  boundary  value  problem  becomes  the 
most  basic  problem.  It  has  applications  in 
the  2-D  ship  motion  problem  in  the  time  do¬ 
main.  (8) , [9] ,  110]  Secondly  within  the 
framework  of  the  slender  ship  theory,  the 
time  dependent  boundary  value  problem  has 
possible  application  to  the  3-D  ship  motion 
problem  which  will  be  reduced  to  the  strip 
theory  with  forward  speed  correction. 

Thirdly  the  application  to  the  steady  wave 
making  resistance  theory  can  be  expected. 

This  paper  will  deal  with  the  above 
mentioned  three  applications  of  the  time 
dependent  boundary  value  problem.  However, 
the  general  treatment  for  the  problem  has 
not  been  investigated  so  far,  while  the 
counterpart  problem  of  the  combination  < 1 ) — 
(3)  has  been  fully  studied  both  theoretical¬ 
ly  and  numerically.  Especially  the  integral 
equation  approach  in  the  (l}-(3)  problem 
clarified  the  existence  of  the  irregular 
frequency  Ill]  and  the  methods  of  elimina¬ 
tion  of  it  from  the  solution.  112]  There¬ 
fore  we  will  mention  in  brief  the  analyti¬ 
cal  aspect  of  the  time  dependent  boundary 
value  problem  when  it  is  treated  by  the  in¬ 
tegral  equation  approach.  Then  the  theore¬ 
tical  backgrounds  for  these  applications  of 
the  problem  will  be  discussed.  As  numeri¬ 
cal  example  the  2-D  ship  motion  in  the  time 
domain  will  be  demonstrated  with  comparison 
to  the  experiment. 

2.  GENERAL  PROPERTIES  OF  INTEGRAL  EQUATION 
SOLUTION  ’  " 

The  time  dependent  boundary  value  prob¬ 
lem  for  an  arbitrary  2-D  body  on  the  free 
surface  is  written  as,  (Fig.  1) 
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FIGURE  1.  Geometry  of  the  time  dependent 
boundary  value  problem. 


For  simplicity  the  body  shape  c(t)  is  as? 
sumed  not  to  change  with  time.  This  may  not 
lose  the  generality  of  the  problem.  Making 
use  of  the  Green's  theorem  the  potential  is 
written  as. 


j  dx!  dl{  ^(Q^ljj-Gtp^t-T)  - 
0  c 

^  K(P»t)  P  in  De 

°NQ  l0  P  in  Di 


where  G  is  the  Green's  function  defined  by, 
113] 

CO 

G(P,Q,t-x)=  Ao(t-T)ln|,  -  fKtt-X)!-^-* 

0 

£k  ( z+>. )  cogk  jy_n  j  sin/g£  (t_T  j  ( io } 

where  r= [ (y-n) *+(z-t) *] l/ 2 ,  r*=t (y-n) 2+(z+c) 2 
]1/z  and  o(t)  is  the  Dirac's  delta  function 
and  H (t)  is  the  Heaveside's  step  function. 
G(P,Q,t-x)  js  also  the  potential  for  a  im¬ 
pulsive  source  at  Q.  Since  $  is  a  given 

quantity  we  can  derive  from  (9)  the  integral 
equation  for  $  on  c  by  letting  P  approach  to 
Q  from  the  outside  of  c.  Then  we  have, 
t 

-  |$(P,t)  +  jd-Tfdtt(Q,X)G;;  (P.Q.t^t)  = 

0  c  *,Q 

t 


-  |dx  jdJ.v{Q,x)G  p  on 


The  integral  in  the  left  hand  side  denctes 
the  Cauchy  principal  value  to  be  taken. 

It  is  sometimes  convenient  to  express 
the  potential  by  the  distribution  of  the 
singularities  on  the  hull  boundary  c.  In  ■ 
order  to  do  Soviet’s  introduce  the  interi¬ 
or  potential  ^C?,t)  which  satisfies  the 
condition  {8}  except  [H]  in  the  interior  of 
c.  From  the  Green's  theorem,  we  have. 


-|dx (dt{  fG„ 

J  J  Hq 

0  c 


G  }  = 
SQ 


P  in  De  . 


We  want  to  distribute  only  sources  on  ts, 
then  Dirichlet  condition  on  c  must  be  im¬ 
posed  on  p,  then, 

iH J  (Q,t)  =  <HQ,t)  Q  on  c  . 

Subtracting  (12)  from  (9)  and  defining  the 
temporal  source  distribution  by 


o(Q,t)  =  - 


Q  on  c 


we  have  'he  expression  of  potential  by  the 
source  distribution, 

t 

♦  (F#t )  =  fax  fdto  (Q,X)C:(P,Q,t-T)  U4 

h  h 


-283- 


The  integral  equation  for  o(Q,t)  can  be  de¬ 
rived  by  substituting  {14}  into  [H]  condi¬ 
tion  in  (8) . 

t 

-  |o(P,t)  +  jdT-jdt<j(QfT)GNp(P,Q?t-T)  = 

0  c 

-v(P,t)  P  OR  C  .  {15} 

3y  virtue  of  the  properties  of  the  Green's 
function,  the  integral  equations  have  the 
memory  effect  which  represents  the  effects 
before  the  time  t=t.  And  the  memory  effect 
vanishes  at  T=t  by  the  factor  of  sim'gk(t-T) . 
Then  the  integral  equations  at  time  t=t  can 
be  in  principle  solved  without  foundamental 
difficulty. 

When  the  body  boundary  c(t)  changes 
gradually  with  time,  the  expressions  for  po¬ 
tential  and  source  are  thought  to  be  also 
valid.  So  we  will  use  them  for  the  case 
that  the  body  shapes  change  with  time. 

In  the  time  dependent  boundary  value 
problem,  the  irregular  frequency  appears 
when  we  solve  the  temporal  source  distribu¬ 
tion  by  (15) ,  while  no  such  irregularity  in 
solving  the  potential  by  (11) .  The  irregu¬ 
lar  frequency  phenomena  were  first  noticed 
by  Ohmatsu  [14J  when  he  tried  to  analyse 
the  2-D  time  dependent  motion  problem  by 
(15) .  And  the  cause  and  the  behavior  of  the 
irregular  frequency  in  the  time  dependent 
problem  have  been  clarified  by  Adachi  and 
Ohmatsu.  [151  We  show  one  of  °:.amples  of 
the  irregular  frequency  effect  in  the  tempo¬ 
ral  source  in  Pig.  2  for  a  circular  cylin¬ 
der  making  impulsive  heave  motion  at  t=C. 
Though  the  motion  lasts  for  very  short  time 
interval,  the  temporal  source  oscillates 
forever  with  the  definite  frequency  which 
turns  out  to  be  irregular  frequency  deter¬ 
mined  by  the  problem  in  the  frequency  do¬ 
main  that  is  the  Fourier  transform  of  the 
time  dependent  boundary  value  problem. 


On  the  other  hand,  the  potential  on  c  decays 
with  time  showing  the  good  agreement  with 
the  asymptotically  estimated  value  at  large 

t. 

To  understand  the  behavior  of  the  ir¬ 
regular  frequency,  it  is  possibly  better  to 
think  about  the  problem  in  the  frequency 
domain.  The  Fourier  transform  of  the  time 
dependent  boundary  value  problem  gives  the 
well  established  2-D  wave  problem  witn  the 
free  surface  condition  (3)-.  Let's  define 
the  Fourier  transform  and  the  inverse  trans¬ 
form  by 

ce-  cc 

f*{>.)  =  [dte“lXtf  (t) ,  f  (t)=^r|dXe1Atf*(l)  . 

—CO  —  5C 

The  problem  (8)  is  transformed,  into 


[L] 

6*  +6*  =  0 
yy  zz 

2<0 

[F] 

Ko*  -  =0 

-  2 

z=0 

- 

(16) 

[H] 

0*  =-v* (Q, X) 

on  c 

where  v*(Q,a)  is  the  Fourier  transform  of 
v(Q,t) .  In  the  frequency  domain  the  trans¬ 
formed  potential  and  source  distribution 
are  solved  by  the  transformation  of  (11), 
(15).  In  Fig.  3  we  show  the  irregularity 
of  source  function  and  the  numerical  unsta¬ 
bility  of  potential  in  the  frequency  domain 
which  have  been  calculated  by  the  trans¬ 
formed  integral  equations.  The  singular 
behavior  of  the  source  with  wave  number  K 
has  been  proved  to  be  of  type  1/(K-Kj) 

where  is  j  th  irregular  wave  number. |16J 

The  Fourier  transform  of  the  source  func¬ 
tion  in  the  frequency  domain  recovers  the 
temporal  source  function,  then  the  effect 
of  the  irregular  frequency  appears  in  gen¬ 
eral  in  the  time  domain  as. 


2l®  J 


Therefore  the  effect  of  the  irregular  frequ¬ 
ency  in  the  time  domain  is  presented  by  the 

factor  which  does  not  blow  up  at  A ^  . 

Thus  we  can  solve  the  integral  equation  (15) 
without  essential  difficulty  inherited  from 
the  integral  equation  in  the  frequency  do¬ 
main. 

Although  the  temporal  source  distribu¬ 
tion  is  affected  by  the  irregular  frequency, 
the  potential  expressed  by  the  temporal 
source  (14)  will  have  no  effect  of  the  ir¬ 
regular  frequency.  This  can  be  easily  con¬ 
firmed  by  applying  the  Green's  theorem. 

If  we  denote  the  part  of  the  temporal 
source  affected  bv  the  irregular  freauencv 
by,  [15] 


(Q,t)  *  eiXjfc-4^ 


where  is  the  j  th  eigen  value  interior 

potential  in  che  frequency  domain  which  is 
determined  by  the  boundary  value  problem  in 
the  interior  region  Di. 


lL1  §jyy  +  *jzz  =  0  in  Di 


!F]  K.|*  -  =  0  on  z*Q 

J  J 


[HJ  f..  *  0  on  c 

This  problem  has  eigen  solutions  with  eigen 
value  X.  .  Shat  we  need  is  the  relation 


jdt*dtoo(Q,T)G£?,Q,t-T)  = 


Substituting  the  Green's  function  (10)  into 
the  above  expression  and  integrating  with 
respect  to  t  ,  we  have 


*.  f  f  _  f  if-it  _k(2+C)  1 

e1  ■j"'!  Idl-Ss^rdhS— : - cosk(y-n)  > 

U  oH  r  -■  J  k  } 

c  c  - 


*■2 1  dli—i  %z~  ' cosk Cv-n)  ■ 

|  tffi  fK 


«'k  s-sf'gkt  +  irKjsin«ck 


When  t  is  large,  the  last  term  has  the  fol¬ 
lowing  asymptotic  estimation 


2isieiX3teK3  <z+c)cosKj  (y-n)  . 

Therefore  (18)  becomes  at  large  t  as, 

2=e1A 3 ( P , Q ,  K . ) 
c 

where  m 

1  r  if  ^^5) 

G*(P,Q,Kj)  =  ^-cosk(y-n) 


where  the  path  of  integration  L  indented 
above  (below)  the  singularity  k=Kj  according 
as  Xj>0  (Xj<0) .  It  is  also  noticed  that  6* 
is  the  Fourier  transform  of  the  impulsive 
source  potential  (10) .  Now  applying  the 
Green's  theorem  to  rj*  and  G*  in  the  interi¬ 
or  region  Di  together  with  boundaries  Fi  and 
c,  and  using  the  properties  of  the  potential 
and  the  Green's  function  on  the  boundaries, 
we  have, 

Id«(l*  G*  -  p*G*  }  =  |dl(**,G*  -  f*G*  )  =■ 

J  3  «  J  1%  3  % 


(K.-K.)  !dl^G*  =  0 
3  3  J  .  J 

Fi 

Therefore  the  relation  (17)  can  be  proved  at 
large  t.  It  is  probable  this  relation  is 
valid  for  all  positive  t. 

The  above  verification  is  also  valid 
for  the  Kochin  function  in  the  time  domain 
which  is  calculated  from  the  temporal  source 
function.  To  obtain  the  Kochin  function,  it 
may  be  better  to  use  the  Kochin  function  in 
the  frequency  domain  which  is  given  by, 

H*(X,g)  *  2ildto*(QsX)eKU+iTl5sanX  (2D) 

J 


The  Kochin  function  in  the  time  domain  can 
be  derived  by  %in.Q  the  Fourier  transfers 
of  (20) ,  then  s  have. 


K(t,g)  =  -f  dTjdtG(Q,T)|S|^ek^+in)- 


sin vc r.  (t-x)  .  (21) 

If  the  body  shape  changes  with  time, 
it  is  difficult" to  establish  the  relations 
derived  above.  However-,  if  the  change  in 
the  shape  is  very  gradual  these  relations 
will  probably  hold  approximately.  For  a 
uniform  cylinder  the  relation  between  tempo¬ 
ral  source  and  the  potential  has  been  shown 
in  Fig.  2.  when  the  tody  shape  is  a  func¬ 
tion  of  tine,  a  numerical  example  is  shown 
in  Fig.  4.  The  body  is  an  usual  ship- like 
tody  with  vertical  side  at  the  water  surface. 
The  source  is  apparently  affected  by  the 
irregular  frequency,  while  the  potential  on 
the  hull  seems  not  to  be  affected  by  it. 
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FIGURE  4-  Temporal  source  and  potential  of 
a  ship-like  fora. 

3,  APPLICATIONS  OF  TINS  DEPENDENT  PROBLEM 

3.1  2-Dimensional  notion  Problem  in  the 
Tine  Domain 

The  problem  of  the  motion  of  a  floating 
body  in  the  tine  domain  was  seriously  in¬ 
vestigated  by  several  researchers  some  ten 
years  ago  around  I960. [8] , J9] , 110]  Through 
their  investigations,  it  became  known  that 
the  equation  of  motion  in  the  time  domain 
takes  the  form  of  the  integro-dif ferential 
equation,  while  that  in  the  frequency  domain 
is  given  by  the  second  order  differential 
equation.  And  the  relation  of  the  equations 
of  motion  between  the  time  domain  and  the 
frequency  domain  was  also  clarified.  Short¬ 
ly  after  the  preceding  works,  Wehausen  117] 
derived  the  integral  equation  for  the  force 
coefficients  which  are  required  to  calculate 
the  equation  of  motion  in  time  domain.  Fur¬ 
ther  he  gave  the  relation  analogous  to  the 
Raskind  relation  in  the  frequency  domain 
118] ,  to  obtain  the  exciting  force  without 
solving  directly  the  diffraction  problem. 

However  within  the  extent  ol  authors* 
knowledge  the  equation  of  motion  in  the  time 
domain  has  not  been  calculated,  this  seems 
mainly  due  to  the  complexity  of  the  analyt¬ 
ical  and  nmserical  aspects  of  the  integral 
equations  involved  in  the  problem. 

3.1.1  Equation  of  Kotlon  ih  Tice  Domain 

S’e  will  consider  a  2-D  floating  body 
notion  bn  the  water  surface.  Suppose  that 
the  motion  amplitude  is  so  small  that  the. 


linearized  free  surface  condition  (7)  holds 
and  the  body  boundary  condition  can  also  be 
linearized  and  satisfied  on  its  equilibrium 
position.  Under  these  assumptions  we  can 
derive  the  equation  of  motion  in  the  time 
domain. 

Firstly  we  start  from  the  Newton's 
equation  of  motion 


l  m^  X- (t)  =  F. (t)  isl.2,3 


where  Xj (t)  is  the  displacement  or  angle  in 
j  th  node  motion,  and  j  denotes  the  matrix 
for  either  mass  or  moment  of  inertia  of  the 
body.  The  external  force  or  moment  F^{tJ  is 
assumed  to  be  composed  of _ three  components. 


Fi<t)  =  FDi{t)+Fsi(t)+Fwi(t)  ,  (23) 

where  is  hydrodynamic  force,  Fgj  is 
hydrostatic  restoring  force  and  F^i  is  the 
exciting  force  of  incident  waves.  . 

Fp;  is  due  to  the  fluid  disturbance 
caused  by  body  motion.  The  mode  of  notion 
is  classified  as  follows,  i=l  sway,  i=2 
heave  and  i=3  roll.  Let's  define  the  poten¬ 
tial  v-j(P,t)  which  describes  the  fluid  dis¬ 
turbance  caused  by  j  th  mode  motion,  since 
the  linearized  pressure  is  -p=4j/«t,  FQi 
is  given  by 

Foi{t)=f  Fjj(t)=-pf  j  (24) 

j=:  j=*  3C 

where  F^j  denotes  force  component  in  i  th 
mode  dueJto  j  th  mode  motion,  and  h, {Q>  de¬ 
notes  the  generalized  direction  cosine  which 
is  defined  as, 

nl=Hl  *  n2=-*2  »  n3=yN2-zN1 

The  conditions  which  4j  must  satisfy  are 
same  is  given  in  (8) .  In  the  problem  con¬ 
cerned  here,  the  body  boundary  condition  is 
specified  as 

IH]  =  n.?Q)X.(t)  Q  on  c  .  (25) 

J  J  J 

The  velocity  potential  #j  can  be  treated  by 
the  method  in  12,  however  Xj (t)  has  not  been 
known  yet  at  this  stage.  Therefore  let’s 
introduce  one  core  time  dependent  velocity 
potential  #j  which  satisfies  the  following 
body  boundary  condition 


EH]  #jN  =  nj (Q)H(t)  Q  on  c  -  {26] 

Using  this  step  response  velocity  potential 
: j  can  be  represented  by  superposing  it. 

t 

CP,tJ  =  |dix\ (P,t-7)  .  {27] 

0 

Substituting  127]  into  {25} #  we  have 
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-  dTX.  (D'.jj.tQ.t-T)  =nj(Q)Xj(t)  .  (28) 


The  hydrodynamic  force  Fi j (t)  is  given 
by  substituting  (27)  into  (24) , 


F,,  ft)  =  -oX.(t) (die  (Q,0)n. (Q) 

■*J  J  1  J  i 


-p ! dTX. (t) j  dio  (Q, t-T) n . (Q)  .  (29) 

i  J  j  3l  1 

0  c 

Now  let's  define  the  following  functions. 


wij  =  0 


Therefore  the  exciting  force  or  moment  (33) 
can  be  written  as. 


FKi(t)  =  -p|dfcOIt(Q,t)ni(Q)  + 


P  dT  d>  :1N.  (0,  )4it(Q,-c--)  .  (37) 


Finally  since  the  relation  of  the  hydrosta¬ 
tic  restoring  force  or  moment  with  the  body 
geometry  is  well  known,  then  we  write  it  as. 


FSi{t)  =  >,CijXj(t)  *  t38} 

Accordingly,  substituting  (32), (37)  and  (38) 
into  (22)  we  obtain  the  representation  of 
the  equation  of  motion  in  the  time  domain. 


L_(t)  =  p  dt0.t(Q,t)ni{Q) 


Therefore  Fj  j (t)  is  written  as 

t 

Fij(t)  =-UijX^(t)  -  [dlL^ft-OX.  (i).  (32) 

6 

Next  we  will  derive  the  expression  for  the 
exciting  force.  Let's  suppose  #i  to  be  the 
given  incident  wavs  potential  and  to  be 
the  diffraction  potential.  The  exciting 
force  or  moment  is  written  in  the  same  man¬ 
ner  as  (24) ,  with  using  Ij+vo  instead  of  4 
then  we  have,  3 

FKi(t)  =  -pjdi($It(Q,t)  +4Dt(G,t)}n.(Q).  (33) 


The  boundary  conditins  for  #t>  are  same  as 
(8)  except  IH) .  The  body  boundary  condition 
is  specified  as, 

W  vpH  =  .  (3«i) 

Then  v0  can  be  treated  by  the  method  in  §2. 

However  in  the  boundary  value  problem 
in  the  frequency  domain  the  exciting  force 
can  be  usually  expressed  by  the  solution  of 
the  radiation  problem  by  making  use  of  the 
Haskind  relation.  118]  In  the  time  domain 
similar  relation  will  be  derived.  From  the 
body  boundary  condition  (34),  we  have, 

4„(Q,t)n.  (Q)  =  -♦T„(Q,t}n,  CQ)  on  c  .  (35) 

|Ia  1  li*  1 

Then  by  the  analogy  to  the  expression  127) , 
we  can  formally  obtain  the  following. 


(G.tjn, (Q)  ~  -laTf^.lQ.T^CQ.t-T}.  (36) 


)  *  (m.^+u. .)X. ft)  +  C..X. (t)  + 
j_j l  *3  1j  3  j 


t# 

IdTL.  .  (t--S )X.  (T)  \  =  r„.  (t)  i=l,2. 


3  .  C39) 


Now  it  is  clear  that  vj,j  has  the  nature  of 
added  mass  and  Lij  Ct)  represents  the  memory 
effect  coefficient.  The  expression  (30) 
tells  us  that  this  added  mass  coefficient 
depends  only  on  the  body  geometry,  sc  that 
it  was  called  the  "legitimate  added  mass" 
by  Cummins.  (9j 

Consequently,  if  the  time  dependent 
potential  0-j  could  be  solved  to  get  uij  and 

w  .  .  _ " _ *.« _ _  £ _ ,  ?  __  t _ 


be  able  to  be  solved  at  least  numerically. 
The  time  dependent  boundary  value  problem 
for  #2  can  be  treated  by  the  method  in  12. 

ihe  above  expression  C39)  for  the  no¬ 
tion  in  the  time  domain  has  the  form  of  the 
integro-differential  equation.  However, 
since  Li j~0  as  t-0 ,  that  is  obvious  from 
the  body  boundary  condition  (26) ,  we  can 
treat  it  as  a  differential  equation  and 
solve  it  numerically  with  marching  step  by 
step  method. 

In  the  latter  chanter  we  will  give 
some  numerical  examples  of  the  present  2-D 
motion  problem  in  the  time  domain  with  the 
comparison  to  the  experiments. 

3.2  High  Speed  Slender  Shin  Theory 


The  slender  ship  theory  developed  by 
Ogilvie  and  Tuck  {2)  provided  the  rational 
foundation  for  the  strip  theory  of  Korvin- 
Kroukovsky.  ]1J  In  their  theory  the  key 
assumption  is  that  the  frequency  of  motion 
is  high  so  that  the  wave  length  generated 
by  the  notion  is  compatible  to  the  ship’s 
lateral  dimension.  And  in  their  theory  the 
forward  speed  effect  is  considered  not  only 
for  the  body  boundary  condition  bet  also 
for  the  free  surface  condition.  The  correc¬ 
tion  for  the  latter  condition  had  never 
been  treated  adequately  before  their  work. 


The  forward  speed  effect  on  the  free  surface 
condition  in  the  framework  of  the  strip 
theory  was  impressively  demonstrated  by 
FaltinseriT  [19]  He  could  show  numerically 
that  the  improvement  of  the  Hydrodynamic 
coefficients  has  been  actually  accomplished 
by  the  inclusion  of  the  correction  term  for 
the  free  surface  condition  which  had  been 
provided  by  Ogilvie  and  Tuck. 

As  for  the  forward  speed  correction 
for  the  strip  theory,  Chapman  [7]  proposed 
a  newly-looked  strip  theory,  by  which  he 
computed  the  force  and  moment  of  a  oscilla¬ 
ting  flat  plate  in  yaw  and  sway  mode-.  The 
agreement  between  calculation  and  experi¬ 
ments  is  extraordinary  good.  Chapman's 
theory  inc)  .ides  the  forward  speed  effect 
which  has  Deen  discarded  in  the  most  strip 
methods  except  Ogilvie  and  Tuck's.  Both 
Faltinsen's  calculation  and  Chapman's  theo¬ 
ry  strongly  suggest  the  importance  of  the 
forward  speed  effect  in  the  ship  motion 
theory,  for  which  the  3-D  calculation  is 
still  much  more  time  Consuming  even  if  not 
difficult  in  principle. 

As  indicated  by  Ogilvie  [5] ,  when  for¬ 
mulating  the  ship  motion  problem  in  the  bow 
near  field  where  the  distance  from  the  bow 
is  of  order  0(el/2)»  with  e  being  the  small 
perturbation  parameter,  and  the  differenti¬ 
ation  with  respect  to  x  changes  the  order 
by  0(e1/2)  when  operated  on  the  physical 
quantity,  it  will  be  possible  to  obtain  the 
same  boundary  condition  on  the  free  surface 
as  Chapman's.  That  is,  we  have  the  same 
basic  boundary  value  problem  as  that  in  §  2 
for  the  snip  motion  problem.  We  will  ana¬ 
lyze  the  bow  near  field  problem  to  see  how 
the  forward  speed  effect  can  be  treated  and 
how  the  near  field  solution  can  match  with 
the  far  field  problem. 


3,-2. 1  .Problem  for  Uniform  Cylinder 


For  simplicity  a  -uniform  cylinder  will 
be  considered  which  is  placed  in  the  unir- 
form  flow  and  oscillating  in  heave  or  pitch 
mode,  Saito  [20]  also  treated  the  same 
problem  by  the  different  method  from  the 
present  one..  Let's  take  the  direction  of 
x-axis  in  the  same  direction  of  the  uniform 
flow  U  and  the  origin  at  the  bow  of  the 
cylinder.  The  free  surface  is  on  z=0  and 
z-axis  is  taken  upward  vertically. 

In  the  bow  near  field  where  x=0 (e V2) , 
y=o(e)  and  z=0(e),  the  problem  for  the  dis¬ 
turbance  potential  i]i(x,y,z)eiwt  j_s  given 
as  follows,  to  the  leading  order  term,  [21] 


[L]  dyy  +  $tz  =  °  in  z  <  0 
[F]  (iw/U+3/&k) 2p+v^z  =  0  on  z=0 
[H]  =  v(x)B(y,z)  on  c 


(40) 


[X]  =  sp  =  0  at  x  <  0 


only  x  and  other  one  on  Q  on  c.  In  Order  to 
analyze  the  above  problem,  it  is  useful  to 
introduce  an  auxiliary  potential  d (x>y,z) 
which  is  defined  by. 


[L] 

d  +  0  --  0 

Yyy  Yzz 

in 

z  <  0 

[F] 

d  +  vd  =  o 

on 

z  =  0 

[H] 

dN  =  BCQ)H(X) 

on 

c 

[I] 

d ...  =  0  =  o 

X 

at 

x  <  0 

This  auxiliary  potential  coincides  with  the 
time  dependent  boundary  value  problem  dis¬ 
cussed  in  12. 

In  order  to  obtain  the  expression  for 
the  potential  p,  we  will  make  use  of  the 
Fourier  transform  of  the  probelm.  The 
Fourier  transform  of  (40)  becomes. 


[F] 

[H] 


-(X  +  <i)/U)2d*  +  vip*  =  0  on  z=0 
P*  =  v*  (X) B (Q)  Q  on  c 


(42) 


and  for  the  auxiliary  potential,  we  have 
the  conditions  at  the  boundaries, 


[F]  -X20*  +  v<J>*  =  0  on  z  =  0 

[H]  d*  =  H*(X)B(Q)  Q  on  c 


(43) 


where  H*  (X)=ito  (X) -i/X.  The  potential  in  the 
frequency  domain  can  be  written  as,  using 
the  Green's  function  defined  by  (19); 

d*  (X,y  ,z)  =  jdx.y*  (X  ,Q)G*  (X+w/U,P,Q)  (44) 

c 

and 

d*(X,y,z)  =  |dac*(X,Q)G*(X,P,Q)  (45) 

c 

where  y*  and  a*  are  source  distribution  func¬ 
tions  in  the  frequency  domain.  The  relation 
between  d*  and  d*  is  o'  tained  immediately 
through  comparing  the  ,  oundary  conditions. 

p*(X,y;z)  =  i  (X+to/U)  v*  (X)  d*  (X+w/U,y,z)  .  (46) 


The  inverse  transform  of  this  relation  gives 

CO 

d(x,y,z)  =  ^[dXelAx(X+w/U)v*(X)‘ 

—  CO 


d*  (X+u/u,y,z)  .  (475 

By  making  use  of  the  Fourier  transform  and 
the  Fourier  convolution  theorem,  we  finally 
have, 


where  the;. body  boundary  condition  is  fac¬ 
torized  into  two  parts,  one  is  dependent  oh 


d(x,y,z) 


e~ixw/U 


[v  (0)  d  (x,y ,  z) 


+ 
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X 

-+  JdS*(x-5,y,z)|^{v(C)ei5“/0}]  .  (48) 

0 

This  is  the  expression  that  Chapman  first 
gave,  and  shows  that  if  the  time  dependent 
potential  has  been  solved  the  desired  poten¬ 
tial  can  be  calculated  by  superposing  it. 

Now  the  near  field  problem  is  given 
without  matching  with  the  far  field  solu¬ 
tions  That  is,  the  problem  (40)  is  self- 
consistent  in  some  sense.  However  we  will 
think  about  the  far  field  solution  to  see 
whether  it  matches  with  the  near  field  solu¬ 
tion.  For  this  purpose  we  first  derive  the 
outer  expansion  of  the  near  field  solution. 
Since  the  outer  expansion  of  the  2-D  poten¬ 
tial  in  the  frequency  domain  can  be  given 
by, 

$*(X,y,z)  ~  e(z-i’y)*2/v2ijdao*(X,Q). 

c 

eU+in)XVvsgnX  =  e(Z-iy)xVvfiMXfV)  (4g) 

where  H*  is  the  kochin  function  defined  by 
(20),  Substituting  this  into  (47),  we  have 

CO 

<Mx,y,z)  -  —JdXei^x(X+w/U)v*  (X)  • 

—  CO 

H*(X+U/U,v)e(2-iy)(X+w/U)2/V  .  (50) 

This  is  the  outer  expansion  of  the  near  field 
solution  as  jy|-K)(l). 

3.2.2  Far  Field  Potential  and  Matching 

It  will  be  permissible  in  the  far, field 
to  see  the  disturbance  of  the  near  field  as 
a  line  source  distribution  on  the  body  cen¬ 
ter  line.  Therefore  for  the  far  field  po¬ 
tential  <p(x,y,z)  (y=0(l) ) ,  we  have  the  con¬ 
ditions 


[L]  lf/XX  +l|)yy  +>ilZZ  =  Y  (X)  Z<0 

IF]  (iw/U+3/3x)  2<p+vipz  =0  on  2=0 
[R]  Radiation  condition 


(51) 


where  y(x)  is  the  source  density  function 
bn  the  center  line  which  represents  the  dis¬ 
turbance  due  to  the  motion  of  cylinder. 

The  solution  for  (51)  is  given  by, [2] 

CO 

iJ»(x,y,z)=-^j-a|dkeikx  Y*(k)* 


iiy+z/t2+k2 

e 

/£*+  k2  “ (w+uk-0) /g 


(52) 


where  y*00  is  the  Fourier  transform  of  y(x). 
The  inner  expansion  of  the  far  field  solu¬ 
tion  has  been  given  in  Ogiivle  and  Tuck  [2] 


as. 


^(x,y,z)._ir|dkeikxYtk)e(2-ii')  (k+u/U)  2/v. 


(53) 


This  should  match  with  the  outer  expansion 
of  the  inner  solution  (50) .  Therefore  we 
have  the  matching  condition 

Y^k)  =  (k+iij/0)  v*(k)?H*(k+w/U,V)  .  (54) 


And  taking  the  Fourier  transform,  we  finally 
have 

Y(x)=ie“iux/U[v(0)H(x,v)+ 

X 

|dCH(x-C,v)|^{v(5)ei?“/U))  .  (55) 

0 

From  this  the  line  source  distribution  is 
given  by  the  convolution  integral  of  the 
Kochin  function  in  the  time  domain.  It  is 
very  interesting  that  the  inner  expansion 
(53)  matches  with  the  near  field  solution 
whose  free  surface  condition  is  different 
from  that  in  the  usual  slender  ship  theory 
without  the  forward  speed  term. 

3.2.3  Extension  to  Ship-like  Body 

For  usual  ship-like  bodies  which  change 
its  shape  with  x,  the  similar  formulas  as 
derived  in  the  previous  chapter  seem  to  be 
held. 


( x ,  y ,  z )  =-e-:Lb>x/u  [  A<|>  ( x ,  y ,  z )  + 
x 

jd£E(C)<Mx-!j,y,z)]  ,  (56) 

0 

This  satisfies  conditions  posed  on  the  po¬ 
tential  except  [H]  condition.  The  constant  A 
and  the  function  E(x)  can  be  determined  so 
as  for  the  condition  to  be  fulfiled.  From 
the  [H]  condition  we  have 

v  (x)  B  (Q  (x) )  =-e'xu>x/U  tA4>N  (x ,  Q  (x) )  + 

X 

Jd5E(a|!<x^,Q(x))]  .  137) 

0 

If  we  let  x-*0,  A  must  be  -v(0).  Thus  (57) 
becomes  the  Volterra  type  integral  equation 
for  E (x) .  This  may  be  solved  numerically 
without  difficulty.  For  the  source  distri¬ 
bution  we  have  the  similar  expression, 

X 

Y(x)=ie-lu,x'/U[-  .  J) H (x,  V)  +  fdCE(^)H  (x-C i V)  ].  . 

V  <58> 

The  force  and  moment  will  be  obtained  by  the 
linearized  pressure  distribution  on  hull  or 
by  the  kochin  function  in  the  far  field. 
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3 .3  Low  Speed  Slender  Ship  Theory 

The  time  dependent  boundary  value  prob¬ 
lem  Had  first  introduced  in  the  steady  wave 
making  resistance  theory  by  Ogilvie  [6]  and 
the  general  problem  of  his  was  calculated  by 
Daoud  [22];  One  of  the  purposes  of  the  in¬ 
troduction  of  the  time  dependent  boundary 
Value  problem  is  to  -mitigate  the  end  effect 
inherent  to  the  slender  ship  theory.  However 
it  is  easily  noticed  from  the  time  dependent 
boundary  value  problem  the  disturbance  just 
ahead  of  the  bow  cannot  exist  because  of  the 
[I]  condition;  (see  eq;  (8).)  This  suggests 
the  sudden  change  of  flow  at  the  bow.  In 
actual  at  relatively  low  speed  region  there 
seems  to  be  disturbance  in  front  of  the  bow. 
To  include  the  disturbance  ahead  of  the  bow 
in  the  slender  ship  theory,  it  may  be  effec¬ 
tive  to  analyse  the  problem  by  the  low  speed 
wave  making  resistance  theory  [23] .  in  do¬ 
ing  -so,  the  use- of  the  slender  ship  assump¬ 
tion  will  enable  us  to  save  the  efforts  in 
calculation  of  the  higher  order  low  speed 
theory  'which  includes  the  diffraction  effect 
of  its  own  wave  With  hull.  [24] 

3.3.1  Formulation  under  bow  Speed  Assumption 

The  low  speed  'formulation  gives  the 
following  condition  for  the  wavy  velocity 
potential,  [23] 


[LI  V2b(x,y,z)=0 


in  z<6 


[F]  { (l+bx)|^+py|^) ’<|>+v<ji2=D(x,y)  on  z=6 
[H]  4>n  =  0  on  SB  z<e 

[R]  Radiation  condition 


where  b  is  the  double  body  flow  potential 
which  satisfies  the  conditions. 


[L]  V2b(x;y,z)=0 
[F]  b2  =  0 

(»!  fn 

t»]  vy  ■*  o 


outside  of  the  body% 
on  z=0 
on  SB 
as  R  « 


The  potential  gives  the  flow  field  when 
there  is  no  free  surface  and  is  easily  cal¬ 
culated  When  the  hull  geometry  is  given. 

The  potential  4>  is  the  disturbance  potential 
which  is  caused  by  the  interaction  between 
the  flow  field  due  to  the  double  body  poten¬ 
tial  and  the  free  surface;  z=6(x,y)  is  the 
free  surface  displacement  due  to  b, 

6(x,y)  =  =$1#*  +  =  0(6)  =  °<u2)' 

D(x,y)  is  a  function  over  the  free  surface 
which  is  thought  to  represent  the  interac¬ 
tion  between  b  and  the  free  surface.  This 
is  one  of  main  agents  for  disturbance  to 
the  Wavy  potential ,  and  is  defined  by, 

♦  <VW>- 


(b  2+  b-2)+(b  +p  )-(2b  +b  2+b  2)]  n.  161) 
■x  y  ,yxx  yyy  yx  x  ry  Jz=0‘loJ-? 

The  perturbation  parameter  5  is  proportional 
to  l/v=0(U2)  where  U  is  thought  to  approach 
to  zero  asymptotically. 

3.3.2  Bow  Near  Field,  in  Slender  Slow  Ship 


Let 1 s  -take  the  slenderness  parameter 
of  the  slender  ship  as  c.  The  classical 
slender  body  theory  indicates  the  following 
orders  for  the  potential  in  the  bow  near 
field  where  x=6(e1/2),  y=0(e)  and  z=0(e), 

b  =  0(e2) ,  bx  =  0(c3/2),  by*  bz  =  0(e)  . 

For  the  wavy  potential  when  the  differentia¬ 
tions  with  respect  to  space  variables  are 
operated,  the  order  of  magnitude  is  assumed 
to  change  as  follows, 


3_  3^_ 

3y*  3z 


Then  the  condition  (59)  can  be  written  as, 
[L]  £  +0  +4>  =0  z  <  0 

yy  22  xx 
[1]  [1]  [€l 

[FI  bxx  +  v<t>z  =  D(x,y)  +  E(x,y)  on  z=0  (62) 
[e]  [e]  [e3/2] 

lH)  bxhx  +  4>yhy  -  =  0  on  Z=h(x,y)  ; 

The  similar  free  surface  condition  has  been 
obtained  by  Newman  [25]  under  the  slightly 
different  conditions.  The  order  of  the 
waVy  potential  is  0(e262)  from  the  condi¬ 
tion  IF]  in  (59)  and  z=h(x,y)  is  the  equa¬ 
tion  of  ship  surface  and  in  the  bow  hear 
field  We  Cun  assui.a  h=0(c),  hx=0(e)  and  hy= 
0(1).  And  D  and  E(x,y)  are  defined  in  the 
bow  near  field  as  follows, 

D(x,y)  =  —  { ui  +2b  b  -+b  w  +  4rb  2b  }  „ 

11  xx  yy  xy  vxyyy  2yy  vyy  z=0 

[e]  [e3/i]  [e2]  (63) 


E(x,y)  =  -(2bybxy+by  ^Vy)z=0  *  ?64j 

[e3/*]  [e2] 

Immediately  from  (62)  the  first  approxima¬ 
tion  is  obtained  as. 


[L] 

hyy  +  ^Izz 

IF] 

♦lxx  +  Vi|>lz 

[H] 

♦is- 0 

on  z=H(x,y) 


This  problem  can  be  regarded  as  a  2-D  water 
wave  problem  due  to  the  time  dependent  pre¬ 
ssure  distribution  on  the  free  surface. 
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The  second  order  potential  is  now  given  for¬ 
mally  as. 


CL] 

*2yy  +  *2zz  =  0 

z  <  0 

[F] 

*2xx  +  V*2z  =  E 

on  z=0 

(66) 

[H] 

42N  -  0  on 

z=h (x,y) 

• 

We  can  decompose  the  potential  4*i 
parts, 

into  two 

4>.  =  4>.p  +  4>.D 

1  1  1 

1=1,2 

(67) 

with 

conditions,  respectively, 

[L] 

P  P 

d>,  +  4>.  =  0 

xyy  izz 

2  <  0 

[F] 

p  p 

<p.  +  v$.  =  -F. 

X XX  1Z  1 

(x,y)  on  z=0 

1 

,  (68) 

[«] 

^ix  ■"  0  as  lxl 

•+■  00 

where 

-Fi=D,E  or  D+E,  and 

[L] 

4>.°  +  4>.d  =0 

iyy  riz2 

z  <  0 

l 

i 

IF] 

4..°  +  v4 . D  =  0 

V1XX  V12 

on  z=0 

(69) 

CH] 

A  D  _  .  P 

^iN  ^iN 

on  z=h(x,y) 

[I] 

4>.°  =  4’.°  =  0 

Yxx  x 

x  <  0 

* 

It  is  easily  noticed  that  the  pressure  po¬ 
tential  problem  is  a  2-D  water  wave  problem 
due  to  the  disturbance  on  the  free  surface. 
The  time  dependent  pressure  is  given  from 
the  past  to  the  future  where  it  is  zero  be¬ 
cause  of  the  property  of  D(x,y)  function. 

The  diffraction  potential  denotes  the  ef¬ 
fect  of  the  reflection  of  the  wave  due  to 
the  pressure  potential  on  the  hull.  The 
initial  condition  for  the  diffraction  poten¬ 
tial  comes  out  because  at  x  <  0  there  is  no 
hull  surface.  This  problem  coincides  with 
the  time  dependent  boundary  value  problem 
considered  in  52. 

It  is  well  known  that  the  pressure  po¬ 
tential  can  be  given  by  the  distribution  of 
the  impulsive  sources  on  the  free  surface. 
Then  we  have  for  the  pressure  potential  de¬ 
fined  by  (68)  , 

x  °> 

$iP  =  ||d?jdnFi(C»n)G(y,z,n,o,x-5)  (70) 


where  G  is  the  Green's  function  defined  by 
(10)  with  substitution  t-*-x,  T-+C  and  g+v. 
Therefore  we  can  complete  the  near  field 
problem.  This  has  been  done  without  match¬ 
ing  with  the  far  field  solution.  However, 
it  is  necessary  to  consider  the  far  field 


problem  in  order  to  derive  the  wave  making 
resistance  formula  from  the  energy  or  moment¬ 
um  consideration  in  the  far  field. 

3.3.3  Far  Field  Potential  and  Matching 


In  the  far  field  the  problem  for  the 
pressure  potential  and  the  diffraction  po¬ 
tential  will  be  given  by  the  pressure  dis¬ 
tribution  near  to  the  ship  hull  that  is  a 
slender  pressure  distribution  and  a  source 
distribution  on  the  ship  center  line,  re¬ 
spectively.  Therefore  we  will  have, 

CO  CO 

<P*  =  ^jd5jdnFj(C,n>5(X'y'Z,’5'n'°)  <71) 

_CC  ~OC 

and 

CO 

*jD  =  |d5Y(C)G(x,y,z;C,0,0)  (72) 

—  Oo 


where  y(£)  is  an  unknown  source  distribution 
on  the  ship  center  line.  And  G(x,y,z;C,n,S) 
is  the  Green's  function  in  the  3-D  steady 
motion  problem,  [13] 


G(x,y,z;5,n,C) 


47! 


+  -4[dSsec2e- 


P  v  tz+g) cos {x— C) cos9]c:os [K (y— n) sa.nS] 

J  k  -  vsec20 

o 


-  /[d9sec2eevsec26 {z+°  sin  t v (x-5) sec6) ■ 


2 

ccs[v(y-n)sir.8sec  0] 


(73) 


where  R= ( (x-5) 2+(y-n) 2+ (z-?) *] u 4  and  R'=[( 
x-C)z+(y-n)J+(z+c)2]1/2. 

The  inner  expansion  of  the  far  field 
potential  into  the  bow  near  field  can  be  de¬ 
rived  by  applying  the  technique  by  Baba  [26] 
as  follows, 

OC  OO 

<t>3P  lfdC|fdnFj(C,n)|^ekzcosk(y-n). 

-00  -oo  0 

sin/vk(x-C)  (74) 

and 

x  ” 

<}> -  -  4jdCY(C)  j-^ek2coskysin*/vk(x-C).  (75) 
0  » 

The  inner  expansion  of  the  pressure  poten¬ 
tial  is  proved  immediately  to  match  with  the 
near  field  solution  (70).  Let’s  think  about 
the  matching  of  the  diffraction  potential. 
Since  the  outer  expansion  of  the  near  field 
potential  will  be  derived  as. 


i  a5|-^e!t^z”iy*sin/ok(x-C) 


Jd£a(Q,£)e  coskn 
c(C) 


where  o  is  the  source  distribution  on  hull 
e  in  the  near  field  which  can  be  determined 
by  the  integral  equation  (15) .  This  outer 
expansion  is  derived  by  taking  the  Fourier 
transform  of  (49)  which  is  the  outer  expan¬ 
sion  of  the  potential  in  the  frequency  do¬ 
main.  This  should  match  with  (75) ,  then 
the  matching  condition  becomes, 

x  x 

|d5Y(C)sin/vk(x-C)  =  RejdCsin^vk(x-5)  * 


(dio  (Q,?)e 
c(|) 


k  (5+iti) 


Now  multiplying  e-a  ^4//vk  to  the  both 
sides  of  (77)  and  integrating  with  respect 
to  k  in  the  interval  [0  »«*>)  where  a  is  an 
arbitrary  positive  small  constant,  we  have 


-  ¥s‘*> 


Therefore  the  unknown  source  density  func¬ 
tion  is  now  determined  from  (77)  and  the 
above  relation.  That  is, 

Y (x)  =  -  |  H(x,v)  (78) 

where  H(x,v)  is  the  Kochin  function  in  the 
time  domain  (21) . 

Now  the  wave  resistance  formula  can  be 
written  by  the  far  field  potentials  as  fol¬ 
lows, 

2  7'^ 

=  ■^■jd6|H(vsec2e,6)  |sec36  (79) 

-ti/2 

where  H(k,8)  is  the  Kochin  function  defined 
in  the  far  field  by, 


H(k,6) 


=  ifd5fdnF(C,n)eik(Ccose+nsin0)  + 


ikCcosO 


d5Y(5)e 


In  the  formula  F(x,y)  and  y(x)  can  be  given 
by  solving  the  time  dependent  boundary 
value  problem  (69)  in  the  near  field  by  the 
method  in  §2. 

As  shown  in  the  analysis,  the  time  de¬ 
pendent  boundary  value  problem  plays  the 
essential  role  in  the  low  speed  slender 
wave  making  problem. 


4.  NUMERICAL  ANALYSIS  AND  COMPARISON  WITH 
EXPERIMENTS 

4.1  Numerical  Analysis 

As  an  application  of  the  2-D  time  de¬ 
pendent  boundary  value  problem,  we  will  show 
some  numerical  examples  of  the  2-D  motion 
problem  in  the  time  domain  discussed  in  13.1 
and  give  some  comparison  with  the  results- 
of  experiment.  127] 

It  was  shown  that  the  time  dependent 
velocity  potential  of  §3.1  has  to  be  solved 
in  order  to  complete  the  eguation  of  motion 
in  the  time  domain  (39) .  The  potential  Pj 
in  the  j  th  motion  can  be  solved  making  use 
of  the  integral  equations  (11)  or  (15)  by 
imposing  the  specified  body  boundary  condi¬ 
tion  (26).  When  we  employ  the  eguation  (15) 
for  the  temporal  source,  the  solution  Oj(Q, 
t)  will  be  affected  by  the  irregular  fre¬ 
quency.  However  if  we  substitute  it  into 
the  equation  (14)  to  get  the  potential,  we 
will  obtain  the  same  solution  as  that  calcu¬ 
lated  from  (11)  which  has  no  influence  of 
the  irregular  frequency.  When  the  time  t 
becomes  large,  it  takes  much  computing  time 
to  solve  the  integral  equations  numerically. 
Then  we  will  derive  an  asymptotic  expression 
for  the  potential  at  large  t. 

The  temporal  source  derived  from  (15) 
includes  the  effect  of  the  irregular  frequen¬ 
cy.  Then  we  will  decompose  it  into  two 
parts  at  large  t.  That  is, 

0 (Q,t)  -  d (Q,t)  +  £o(Q,t)  (81) 

where  o(Q,t)  is  independent  of  the  irregular 
frequency  and  will  be  possibly  calculated  by 
the  method  in [15]  and  6o(Q,t)  denotes  the 
part  which  is  affected  by  the  irregular  fre¬ 
quency.  When  the  specific  body  boundary 
condition  (26)  is  applied,  (81)  becomes 

a(Q,t)  -  o*(Q,0)  +  ta( Q,t)  -  (82) 

The  velocity  potential  at  large  t  can  be 
obtained  by  substituting  (82)  into  (14) . 

By  the  relation  verified  in  (17) ,  we  can  say 
to  does  not  affect  the  potential.  Therefore 
the  potential  $j(P,t)  can  be  written  as. 


>MP,t) 


-M 


dio*(Q,0)G(F,Q,t-T) 


Substituting  the  Green's  function  (10)  into 
the  above,  and  integrating  with  respect  to 
t,  we  have 

$j(P,t)  ~i|dio*(Q,0)ln|,  -  ||di0*(Q,O)* 
c  c 

|^ek(z+i;)cosk(y-n)  (1-cost-gkt)  ,  (84) 


In  the  second  term  the  integration  with  re¬ 
spect  to  k  is  written  as,  at  large  t. 
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21njfp  + 


where  v  is  the  Euler's  constant.  From  this 
wo  can  deduce  the  following, 

-  fjdxo*(Q,0)|  |ln|,  -  21n^r  -  v 


-ln4  -21nt  j 

|  . 

Then  differentiating  with  respect  t,  we 
have, 

ojt(P,r)~  -  ||dlc*(Q,0)-i  . 


From  the  consideration  of  the  flux  through 
contour  c,  it  is  obvious  that 

t  [  -2a  for  symmetric  motion 

|d£o*(Q,0)  =  { 

>c  l  0  for  asymmetric  motion 

(87) 

where  a  is  the  half  breadth  of  the  cylinder. 
Consequently  we  have, 

f  for  j=2 

<-jt(P,t)  ~  |  '  (88) 

(  0  for  j=l,3 


for  j=2 


and  from  (31) , 


L33tt!  ' 


8ca2  1 


|  for  j=2 
for  j=l, 3  . 


These  asymptotic  expressions  will  be  used 
in  calculation  at  large  t. 

Though  the  equation  of  motion  (39)  has 
the  form  of  the  integro-dif ferential  equa¬ 
tion,  this  can  be  treated  as  the  differen¬ 
tial  equation  because  the  memory  effect 
term  becomes  0  at  T=t. 

+  ci3x3 tt!  " 


X. 

.jdTL..(t-T>Xj{t)  +  Fw.(t)  . 


Then  we  will  use  the  Runge-Kutta-Gill  meth¬ 
od  to  solve  (90)  with  appropriate  init-.al 
conditions.  Now  we  consider  the  following 
initiail  conditions, 

X(0)=initial  displacement  X(0)=0  for 
free  damping  motion  in  still  water 

X(0)=X(0)=0  for  motion  in  waves. 

In  the  former  case  the  exciting  force  Fwi ( 
t) =0.  The  experiments  will  be  considered 
for  the  motions  with  these  initial  condi¬ 
tions.  And  calculations  also  will  be  per¬ 
formed  for  the  motions  with  these  initial 
conditions. 


4.2  Experiments 

To  examine  the  validity  of  the  equation 
of  motion  in  the  time  domain  (39)  and  the 
Haskind  relation  in  the  time  domain  (37) , 
following  three  experiments  have  been  per¬ 
formed.  Namely, 

a)  free  damping  motion  in  still  water, 

b)  exciting  force  and  moment  acting  on  the 
restrained  body  in  transient  waves, 

c)  free  motion  in  transient  waves. 

These  experiments  were  made  at  2-Dimen¬ 
sional  experimental  tank  (LxBxd=20m*lm*2m) 
(Fig.  5) ,  for  two  types  cylinders:  model  A; 
half  immersed  circular  cylinder,  and  model 
B;  rectangular  cylinder  with  rounded  corner 
(Fig.  6) .  The  motion  displacements  were 
measured  by  potentiometers  attatched  to  the 
guide  connected  with  model,  and  forces  were 
measured  by  the  three  forces  components 
bal lance.  The  transient  waves  were  gener¬ 
ated  by  one  cycle  of  heave  motion  of  a  wedge 
installed  at  the  midpoint  of  the  tank. 

In  these  experiments  the  coupled  mo¬ 
tions  have  not  been  treated  for  brevity. 
Experiments  in  sway  and  heave  modes  for  -od- 
el  A  and  in  sway,  heave  and  roll  modes  f  r 
model  B  have  been  performed. 


M>r 
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FIGURE  5.  Arrangement  of  experimental  appa¬ 
ratus  . 


model  A  *  model  B 

FIGURE  6.  Model  geometries. 

4.3  Comparison  Between  Calculations  and 
Experiments 

In  this  paper  we  will  show  only  the 
results  in  sway  and  heave  inodes  for  model  A 
and  roll  for  model  B. 

First  the  numerical  results  of  $ j ,  Ujj 
and  I-jj(t)  are  shewn  in  Figs. 7-9  .  Here 
x  denotes  nondiraensional  time  scale  t/g/a, 
and  the  angle  8  is  measured  from  the  nega¬ 
tive  E-axis,  thus  0=9OS  corresponds  to  the 
water  line.  In  Fig. 8  we  can  see  that  the 
asymptotic  formulas  (88)  and  (89)  are  good 
approximations  at  large  T  >  then  we  use 
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these  formulas  for  t>10  . 


FIGURE  7.  Step  response  potential  and  memo¬ 
ry  effect  coefficient  function  in  sway  mode 
motion  of  Model  A. 


FIGURE  3.  Step  response  potential  and  memo¬ 
ry  effect  coefficient  function  in  heave  mode 
motion  of  Model  A. 


Figs. 10, 11  show  the  free  damping  motion 
in  still  water.  In  these  figures  full  line 
shows  calculated  results  and  the  points  with 
small  circles  show  measured  values.  For  the 
case  of  free  heave  motion  of  a  circular  cyl¬ 
inder  Ursell  [28] [29]  has  treated  the  same 
problem  by  different  manner  than  that  used 
here  but  both  results  agree  very  well,  and 
they  also  agree  with  experimental  results. 
However  in  the  case  of  free  roll  motion  of 
model  B  (Fig. 11),  the  measured  values  show 
faster  damping  than  the  calculated.  This 
may  be  due  to  the  viscous  effect. 


■es 


FIGURE  10.  Free  heave  motion  of  Model  A. 
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FIGURE  11.  Free  roll  motion  of  Model  B. 

Figs. 12-14  show  the  exciting  force  and 
moment  exerted  on  the  fixed  models  by  the 
transient  waves.  As  evident  from  these  fig¬ 
ures,  the  force  and  moment  calculated  by  the 
Haskind  relation  in  time  domain  (37)  show 
good  agreement  with  experimental  results. 

Finally,  Figs. 15-17  show  the  motion  in 
transient  waves.  Through  the  experiment  a) 
the  utility  of  equation  of  motion  in  the 
time  domain  was  made  clear  and  by  experiment 
b)  the  validity  of  the  Haskind  relation 
(right  hand  side  of  equaticn  of  motion)  was 
proved,  then  as  is  expected  the  agreement 
between  numerical  and  experimental  results 
are  fairly  good  in  these  figures  too.  (The 
discrepancy  at  initial  stage  of  sway  motion 
(Fig. 15)  is  considered  to  be  caused  by  the 
small  friction  of  the  guide  apparatus.) 


FIGURE  9.  Step  response  potential  and  memo¬ 
ry  effect  coefficient  function  in  roll  mode 
motion  of  Model  B. 
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FIGURE  15.  Sway  motion  in  transient  wave 

FIGURE  12 
Model  A. 
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FIGURE  14. 
Model  B. 


Roll  moment  in  transient  wave  on 


Consequently  we  can  say  as  follows: 
if  once  we  obtain  the  time  dependent  veloci¬ 
ty  potential  <?j  (Q,t)  for  a  body,  we  can 
solve  the  forces  acting  on  that  body  and 
its  motions  in  time  base  for  ar.y  arbitrary 
incident  waves . 

5.  CONCLUSION 

Considering  the  attempts  to  apply  the 
2-D  "time  dependent  boundary  value  problem” 
to  the  ship  wave  problem,  the  impotance  of 
the  theoretical  aspects  as  well  as  the  nu¬ 
merical  techniques  has  to  be  emphasized. 

For  the  cases  analysed  in  this  paper,  the 
singular  behavior  of  the  integral  equation 
solution  of  the  temporal  source  function  is 
the  main  object  to  be  concerned  about. 

It  is  sometimes  advantageous  to  calcu¬ 
late  forces  acting  on  a  ship  body  from  the 
radiated  waves  in  the  far  field.  To  this 
purpose,  the  amplitude  of  the  waves  gener¬ 
ated  by  a  body  should  be  known.  We  know 
that  the  Kochin  function  is  connected  with 
the  wave  amplitude  and  it  is  calculated 


FIGURE  17.  Roll  motion  in  transient  wave. 
Model  B. 


from  the  singularity  distribution  on  the 
body  surface.  Therefore  for  the  calculation 
of  the  forces  of  a  ship,  the  temporal  source 
distribution  is  the  necessary  quantity. 

When  solving  the  ship  wave  problem  by 
making  use  of  the  time  dependent  boundary 
value  problem,  the  property  of  the  ♦'emporal 
source  obtained  from  the  integral  equation 
approach  have  been  clarified.  The  temporal 
sources  are  effectively  utilized  in  the  cal¬ 
culation  of  the  potential  at  large  t  as  seen 
in  14.  And  they  are  also  used  in  the  Kochin 
functions  in  the  time  domain. 

The  time  dependent  boundary  value  prob¬ 
lem  has  been  proved  to  be  useful  in  the  ship 
motion  problem  in  the  time  domain,  showing 
good  agreement  with  the  experiments.  And 
the  fact  also  has  been  shown  that  it  could 
be  used  as  the  basic  equation  for  the  2-D 
problems  deduced  from  the  3-D  ship  motion 
problems  under  some  assumptions.  These  2-D 
problems  with  3-D  corrections  may  be  most 
suitable  ones  when  the  original  3-D  problems 
have  some  difficulties  in  the  computation. 
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r  (ui  as  tne  ccraplex  i-orce  coeffi¬ 
cient  for  the  cylinder  heaving  with  angular 
frequency  u^lg/aj.  (Thus  A (u)  describes  the 
virtual  mass  and  dasping  at  this  frequency) . 
This  integral  would  ba  an  explicit  solution, 
if  the  function  A(u)  were  Known  explicitly, 
but  in  fact  the  function  A{u)  Must  be  ob¬ 
tained  front  the  solution  of  an  infinite  sys¬ 
tem  of  linear  equations  for  every  frequency 
u/'ig/a) .  Ever,  when  this  has  been  done  wc 
found  considerable  difficulties;  the  inte¬ 
gral  was  difficult  to  evaluate  because  the 
integrand  is  oscillatory  (rapidly  oscil¬ 
latory  for  lar^e  t -j  and  decreases  only 
slowly  (like  u  ,  as  u  -  «*  .  To  obtain  accu¬ 
rate  results  we  found  it  necessary  to  in- 


esults  not 

were  in  excellent  agreement  with  Ref.29  a 
eertpares  well  also  with  Ito*s  data.  Beta 
of  the  treafcnent  of  the  orobleM  were  ore— 
sented  in  a  SHAME  H5  Panel  Meeting  in"  157 
and  will  appear  in  Yeung  C15S0) ,  Figure 
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attached  here  shows  the  comparison  between 
theory  ana  experiment.  Fig .  2  shows  similar 
calculations  for  a  wedge-shaped  body,  whose 
damping  characteristics  is  stronger  than 
that  of  a  circle.  The  authors5  calculations 
in  S4  are  apparently  wider  in  scope.  However, 
it  is  not  clear  from  the  text  of  this  paper 
what  was  used  precisely  to  represent  the 
transient  incident  wave  potential.  Some 
explanation  will  he  desirable. 

Ke  have  investigated  the  high-speed 
slender  ship  problem  discussed  in  13.2  by 
the  authors.  There  are  substantial  diffi¬ 
culties  when  the  body  is  no  longer  a  simple 
uniform  cylinder.  As  an  example,  the  va¬ 
lidity  of  equation  (56)  comes  into  question. 
Furthermore,  the  interpretation  of  (57) ,  an 
integral  equation  proposed  by  the  authors 
to  determine  E(|)  becomes  obscure,  since 
ECx)  would  depend  on  where  the  point  Q  is 
on  the  body  section.  Based  on  a  fixed  frame 
of  reference,  we  have  developed  a  new  but 
related  approach.  The  mathematical  struc¬ 
ture  of  the  near-field  brobleia  is  similar 
to  the  authors.  Vihat  sterns  most  interest¬ 
ing  is  that  our  formulation  yields  a  set 
of  formula  that  are  closely  r elated  to  the 
traditional  strip  theory,  but  the  hydrody¬ 
namic  coefficients  now  include  quasi  three- 
dimensional  effects.  Fig.  3  displays  the 
heave  added  mass  and  damping  of  a  spheroid, 
of  length/be am  ratio  =  6  ,  translating  at 
a  Froude  number  of  0.246.  The  experimental 
results  bsM  of  Lee  and  Paulling  (1966)  were 
adjusted  by  a  factor  of  /a 73  since  their 
strip  theory  calculations  were  found  to  be 
off  by  this  factor.  The  pitch  added  moment 
of  inertia  and  damping  for  a  Batch  de¬ 
stroyer  is  shown  in  Fig. 4.  Once  again, 
similarly  satis  factory  agreement  between 
theory  and  experiment  can  be  noted.  It  is 
not  obvious  that  these  more  mathematically 
involved  theories  yield  substantially 
better  predictions  than  ordinary  strip  theo¬ 
ry,  but  preliminary  results  that  we  have 
obtained  at  this  point  seem  to  suggest  that 
the  cross-coupling  terms  can  be  better  pre¬ 
dicted.  Mu  re  specifics  on  this  work  will 
be  available  in  Yeung  and  Kim  11980). 
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The  authors  should  be  congratulated 
for  their  excellent  work.  By  studying  the 
numerical  results  shown  in  Figs. 10  through 
17,  I  could  not  help  but  asking  the  follow¬ 
ing  questions . 

1.  From  the  results  of  Figs. 10, 13  and 
16,  I  can  conclude  that  the  discrepancies 
shown  in  Fig. 16  should  be  mainly  due  to  the 
discrepancies  in  the- wave  excited  heave 
force  shown  in  Fig. 13.  However,  from  Figs. 
15  and  12,  one  can  conclude  that  it  is  not 
the  wave  excited  sway  force  but  the  hydro- 
dynamic  force  that  should  be  causing  the 
discrepancy  in  the  early  stage  of  motion. 
Could  the  authors  think  of  anv  particular 
reasons  for  this  seemingly  contradictory 
results  ? 

2.  The  authors  reasoned  that  the  dis¬ 
crepancy  in  the  free-decaying  motion  shown 
in  Fig. 11  should  be  due  to  viscous  effects. 
However,  from  Figs. 14  and  17,  one  can  ob¬ 
serve  that  the  roll  motion  in  transient 
waves  does  not  seem  to  be  influenced  by  the 
viscous  effects  but  rather  by  the  wave-ex¬ 
cited  roll  ament.  This  may  imply  that  the 
roll  not: an  is  more  influenced  by  F^g  than 
by  F03.  As  far  as  I  knew,  for  the  roll  re¬ 
sponse  in  the  frequency  domain,  particularly 
near  the  resonant  frequency,  the  reverse  is 
true.  X  would  like  to  know  if  the  authors 
experience:  any  noticeable  differences  in 
their  computations  for  different  modes  of 
motions . 
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the  authors  appear  to  have  followed 
Chapman's  approach  that  the  boundary-value 
problem  is  formulated  in  the  time-space 
lomain  with  respect  to  the  absolute  inertial 
frame.  Though  Chapman’s  analysis  of  the 
lateral  oscillation  of  a  flat  date  shows 


one  intends  to  apply  the  same  technique  to  a 
displacement  ship  with  forward  speed. 

First  of  all,  there  is  a  contradiction 
between  the  elliptic- type  boundary- value 
problem  in  the  three-dimensional  notion  and 
the  parabolic- type  boundary-value  problem 
employed  in  the  present  paper.  As  a  con¬ 
sequence,  the  solution  given  here  is  not 
able  to  represent  the  elliptic  nature  of 
the  three-dimensional  solution.  Such  diffi¬ 
culty  appears  specifically  in  the  fact  that 
the  inner  solution  is  unable  to  natch  the 
inner  expansion  of  the  outer  solution. 

E  ;  .{533  which  the  authors  present  as  the 
inner  expansion  of  the  far-field  potential 
is  not  correct  except  in  the  case  of  very 
high  frequency.  Correct  expressions  for  th; 
outer  solution  have  been  :iv< 


Tuck  (1964)  and  Maruo  (1964,1966).  It  is 
obsorvod  that  the  most  important  portion 
of  the  three-dimensional  effect  in  the  inner 
expansion  is  missed  in  the  result  of  tho 
present  paper.  This  kind  of  difficulty 
appoars  in  particular  when  one  wishes  to 
apply  the  same  technique  to  the  problem  of 
tho  steady  forward  motion  of  a  ship.  The 
idea  of  bow  near-field  is  not  warranted 
because  of  the  lack  of  logical  rationality. 
The  second  point  which  I  wish  to  discuss 
is  that  the  authors  employed  the  Fourier 
transform  of  the  hull  boundary  condition 
as  shown  in  eq.  (42).  However  the  validity 
of  this  treatment  is  rather  doubtful  because 
the  hull  boundary  condition  is  satisfied  on 
the  contour  c  which  becomes  a  function  of 
x  by  itself.  Most  of  the  above  is  a  re¬ 
petition  of  my  discussion  to  Saito's  paper 
(Reference  20,1978) 
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T.F.  Ogilvie  (Unlv.  ol  Michigan) 

In  this  ambitious  paper,  the  authors 
attempt  to  show  the  common  nature  of  sever¬ 
al  important  problems  of  ship  hydrodynamics . 
They  have  helped  to  clarify  several  impor¬ 
tant  points,  but  I  question  some  of  their 
conclusions.  Also,  I  believe  that  more 
attention  should  be  given  to  some  restric¬ 
tions  on  their  approach. 

If  a  source  of  constant  strength  moves 
along  the  free  surface,  the  resulting  wave- 
motion  solution  can  be  analyzed  by  the  me¬ 
thod  of  stationary  phase.  This  results  in 
the  well-known  separation  into  two  parts  : 
diverqinq  waves  and  transverse  waves .  The 
stationary-phase  expression  is  really  valid 
only  at  large  distance  from  the  source. 
However,  near  the  track,  the  diverging  waves 
dominate,  and  they  are  predicted  well  by 
the  stationary  phase  method  even  close  to 
the  source. 

This  diverging  wave  precisely  matches 
the  waves  corresponding  to  the  2-D  Green 
function  given  by  the  authors  in  (10) . 

This  fact  leads  to  two  observations  :  (i) 

The  transverse  waves  are  lost  in  the  analy¬ 
sis  in  this  paper,  (ii)  Near  the  source, 
the  wave  crests  are  parabolic  in  the  hori¬ 
zontal  plane,  all  of  the  parabolas  in  prin¬ 
ciple  passing  through  the  source  point. 

Both  of  these  observations  lead  to  major 
consequence"  : 

(i)  Ignoring  the  transverse  waves 
leads  to  a  serious  restriction.  In  Section 


3,3  (low-speed  problem),  the  wave  number 
of  the  transverse  waves  near  the  track  is 
g/UJ-  6‘‘ .  Thus  the  authors  write  symboli¬ 
cally  that  i/ix  “  0(e‘1/*  6'1 )  .  If  the  term 
<t*s  is  dropped  from  the  Laplace  equation, 
it  means  that  e  o  while  6  is  held  fixed. 
Physically,  this  means  that  ship  beam  and 
draft  approach  zero  while  X-  2 tt 6  is  fixed. 

I  question  whether  it  is  the  authors'  in¬ 
tention  to  develop  a  low-speed  theory  of 
this  nature. 

In  time-dependent  problems  as  well, 
some  parts  of  the  full  3-D  wave  system  will 
be  lost,  introducing  further  restrictions. 

(ii)  In  order  to  match  a  steady-motion 
bow  solution  to  the  far  field,  Daoud  [22] 
found  that  the  matching  had  to  be  carried 
out  along  parabolic  curves  passing  through 
the  bow.  The  usual  kind  of  matching  im- 
plied  in  Section  3.2  (in  which  r*  /y2+z2 
■+  »  in  the  near  field  and  r  -*•  o  in  the  far 
field) fails.  This  difficulty  is  masked  in 
the  paper  by  the  use  of  Fourier  transforms 
(in  x) ,  but  it  is  a  real  difficulty  that 
must  be  handled  carefully. 

Finally,  I  should  comment  on  low- 
speed  theories  of  the  kind  discussed  in 
Section  3.3.  In  passing  from  (59)  to  (62), 
the  authors  lose  a  major  low-speed  effect, 
the  distortion  of  wave-propagation  rays  by 
the  nonuniform  stream  around  the  ship. 

Work  in  recent  years  at  the  University  of 
Tokyo  by  Professor  Inui  and  his  associates 
indicates  that  this  effect  is  not  negligi¬ 
ble.  Indeed,  Dagan  showed  in  1972  that 
even  the  free-surface  condition,  [F] ,  in 
(59)  is  not  consistent:  i)/  should  be  aug¬ 
mented  by  a  second-order  non-wavy  term. 

Notwithstanding  my  lengthy  and  appar¬ 
ently  negative  comments  here,  I  strongly 
commend  the  authors  for  trying  to  bring 
some  order  into  this  area  of  ship  hydro¬ 
dynamics,  and  I  encourage  them  to  continue 
their  efforts. 


Author’s  Reply 


H.  Adachi  (SRI) 


Prof.  Ursell's  suggestions  are  welcomed 
in  many  aspects.  He  raised  the  crucial 
points  concerning  the  time  dependent  problem 
many  years  ago.  In  the  time  domain,  when 
the  time  becomes  large,  the  calculation 
begins  to  take  a  lot  of  time.  At  large  time 
we  have  to  include  all  the  memory  effect  in 
the  past.  This  is  one  of  troublesome  prob¬ 
lems  in  the  calculation  of  the  time  depend¬ 
ent  potential.  So  the  simplification  for 
the  problem  is  desired  and  the  Fourier 
transform  approach  is  deserved  to  be  persued 
with  much  attention.  We  would  like  to  take 
labour  with  it  in  the  near  future. 

We  would  like  to  appreciate  Prof.  Yeung 
for  informing  us  the  related  works  of  the 
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trasient  motion  problem.  As  for  the  incident 
waves  used  in  the  calculation  in  §4,  waves 
are  generated  by  the  motion  of  a  wedge 
shaped  wave  maker.  The  apex  angle  of  the 
wedge  is  assumed  to  be  small  in  order  to 
utilize  the  tain  body  treatment.  When  the 
wedge  moves  up  and  down  arbitrarily  in  time 
with  velocity  V(t) ,  the  x-compcnent  of  the 
velocity  of  the  wedge  is  given  by, 

Vx(y,t)  =V(t) sin0cos9  -d ^ Y  i  0 

where  d  is  the  depth  of  the  wedge.  The 
motion  of  the  wedge  is  assumed  to  be  so 
small  t„it  the  motion  is  described  around 
its  equi  ibrium  position  and  is  replaced  by  a 
time  dependent  source  distribution  on  the 
center  line  at  x=0,  whose  density  is  propor¬ 
tional  to  Vx .  The  incident  wave  potential 
can  be  written  as  follows. 

0  to 

^(x.Yft)  =  |jdnvx(n,t)ln-(  -  ^jd-jdnVx(n,T) 
-d  r  0  -d 

CO 

•  jdk^i-eK^+r|^coskxsin/gk(t-t) 

0 

The  second  point  which  the  discusser 
raised  is  a  pertinent  one  in  the  high  speed 
slender  ship'  problem.  Indeed,  there  are 
some  questions  about  the  validity  of  the 
equation  (5?) .  However,  the  potential  (56) 
satisfies  the  conditions  (40)  except  IH] , 
then  if  a  ship  is  slender,  the  formula  will 
be  utilized  at  least  as  a  leading  order 
solution . 

Since  the  potential  (48)  will  coincide 
with  the  potential  in  the  traditional  strip 
theory  as  x/U  becomes  large.  So  the 
influence  of  the  forward  speed  appears  in 
the  regime  where  x/U  is  small.  The  same  is 
true  for  the  hydrodynamic  forces  which  will 
be  calculated  from  the  potential  (48) . 

Dr.  Lee  raised  very  controversial  ques¬ 
tions  about  the  experiments.  The  early  stage 
of  the  motion  of  model  A  in  sway  mode 
apparently  has  discrepancy.  We  concluded 
this  due  to  the  defect  in  the  experimental 
apparatus.  However,  the  possibility  of  the 
hydrodynamic  forces  to  that  discrepancy  may 
not  be  excluded.  We  can  not  say  much  about 
this  point.  As  to  the  heaving  motion  result, 
looking  carefully  Fig.  13,  the  experiment 
becomes  larger  than  the  calculated  at  c  >  2.2. 
However  the  wave  excited  motion  in  Fig.  16 
is  not  larger  than  the  calculated  in  the  same 
region.  Then  the  discrepancies  in  the  motion 
are  not  necessarily  attributed  to  the  wave 
excited  force  FD1 . 

As  for  the  roll  motion  of  model  B,  judg¬ 
ing  from  the  experimental  result,  we  should 
conclude  that  FW3  is  more  dominant  than  Fd3 
as  Dr.  Lee  said.  Only  the  roll  motion  of 
model  B  shows  the  discrepancy  in  the  free 
motion.  Since  we  did  not  perform  the  forced 
motion  tests,  we  can  not  say  anything  about 
other  modes  of  motion. 


Prof.  Maruo  questioned  about  the  validi¬ 
ty  of  the  fundamental  problem  of  ship  motion 
in  13.2.  In  the  analysis  of  this  paper  the 
key  assumption  is  that  the  frequency  of 
motion  is  high,  so  that  the  wave  length 
generated  by  the  motion  is  compatible  to  the 
ship's  lateral  dimension.  Under  this 
assumption  and  the  additional  slender  bow 
near  field  assumption  we  can  derive  the 
fundamental  boundary  value  problem  in  (40) 
for  a  ship  running  through  waves  with  speed 
U.  The  inner  problem  (40)  has  a  solution 
defined  by  (48)  .  Its  outer  expansion  (50) 
is  valid  for  x+0(l)  and  y+0(l).  Under 
the  high  frequency  assumption,  it  is  valid 
to  derive  the  inner  expansion  (53)  of  the 
outer  solution  (52)  .  And  (53)  can  be  shown 
to  be  valid  an  inner  expansion  into  the  bow 
near  field.  Thus  the  matching  is  correct. 

If  we  assume  the  motion  frequency  0(1) ,  the 
different  treatment  other  than  ours  must 
be  considered  as  Prof.  Maruo  suggested. 

Prof.  Ogilvie  questioned  very  important 
points  of  the  problem  in  the  low  speed 
slender  body  wave  making  problem.  They  are 
summarized  as  follows. 

1)  negligence  of  transverse  waves 

2)  small  parameters  in  the  bow  near  field 

3)  validity  of  che  matching 

4)  effect  of  local  nonlinearity. 


1)  In  this  paper,  the  low  speed  slender 
body  theory  is  adopted  to  treat  the  horizon¬ 
tal  reflection  of  the  ship  generated  waves 
on  the  ship  hull  in  the  bow  near  field. 
Horizontal  reflection  describes  the  wave 
reflection  on  the  hull  surface  whose  projec¬ 
tion  is  parallel  to  ship  center  plane.  So 
the  divergence  wave  system  may  play  role 

in  the  bow,  while  in  the  midship  region  the 
transverse  wave  may  do  the  role  in  the  inter¬ 
action  between  waves  and  hull.  However-  there 
must  be  discussion  about  the  matching  of  the 
bow  near  field  with  the  midship  near  field. 

2)  The  assumption  of  the  change  of  order 
in  the  differentiation  in  the  bow  near  field 
may  have  some  points  of  question.  There,  we 
have  introduced  twc  small  parameters  e  and 
6.  It  is  desirable  to  develop  the  dual 
parameter  expansion  in  the  bow  near  field. 
Such  attempt  is  not  successful  in  this  paper, 
because  e  and  6  are  treated  as  same  thing 

in  actual.  Then  3/3x=0(e~I/26~i )  is  treated 
as  8/3x=0(e~3/2)  c  id  this  is  considered  as 
the  fundamental  ssumption.  Therefore, 

X=2rS  becomes  zero  with  the  same  order  as 
e.  So  the  bow  near  field  problem  in  this 
paper  is  for  the  one  parameter  expansion. 
However,  such  expansion  leads  to  the 
interesting  problem  as  given  in  §3.3, 

3)  The  matching  is  correct  in  this 
paper.  At  first  sight  the  outer  expansion 
of  the  inner  solution  (49)  seems  to  be  the 
usual  outer  expansion  as  r-»”.  This  expan¬ 
sion  is  valid  also  as  x  ((Me1/2))  becomes 
large  like  x-»-0(l) .  And  the  inner  expansion 
(74)  and  (75)  are  valid  along  the  parabolic 
line  x2/y=const.  as  e-t-0. 


4)  The  basic  problem  (62)  with  the  in¬ 
homogeneous  terms  D  and  E  in  the  free  sur¬ 
face  condition  is  a  direct  derivation  from 
the  full  nonlinear  problem  under  the  low 
speed  assumption.  (62)  can  include  all  the 
nonlinear  influences  condensed  in  D  and  E 
terms.  Then  it  can  include  the  local  non¬ 
linear  effect  that  is  defined  as  the  inter¬ 


action  between  ship  waves  and  the  flow 
around  the  ship  body.  In  this  slender  low 
speed  problem,  E  .'unction  contains  some  of 
such  interaction  effect,  though  the  slender 
snip  assumption  makes  the  problem  very 
simplified  one.  so  we  do  not  entirely 
neglect  the  effect  of  the  local  nonlinearity 
in  the  analysis  in  §3.3. 
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ABSTRACT 

The  nonlinear  two-dimensional  hydrody¬ 
namic  problem  of  a  cylinder  with  arbitrary 
cross-section  shape  performing  finite  ampli¬ 
tude  oscillations  in  the  free  surface  of  a 
regular  steep  wave  is  treated  on  the  basis 
of  nonlinear  system  dynamics,  potential  and 
perturbation  theory.  A  complete  second  or¬ 
der  transfer  model  is  developed  from  the  as¬ 
sumptions  of  a  second-order  incident  wave, 
a  quadratic  dynamic  model  of  the  system,  and 
a  second-order  perturbation  expans  ic-.i  of  the 
hydrodynamic  nonlinearities  in  potential 
flow. 

The  given  nonlinear  wave-body  flow 
system  is  decomposed  into  six  second-order 
subsystems  tc  which  a  perturbation  expan¬ 
sion  in  several  small  parameters  is  applied. 
This  results  in  a  set  of  linear  boundary 
value  subproblems  of  uniform  type,  which 
can  be  solved  by  close-fitting  methods. 

On  this  basis  second-order  expressions 
for  the  hydrodynamic  pressures,  forces,  and 
moments  are  obtained  and  introduced  in  the 
equations  of  the  body  motions  to  obtain  the 
motion  response. 

Numerical  examples  illustrate  the  so¬ 
lution  procedure  and  several  physical  as¬ 
pects  of  the  second-order  model. 

NOMENCLATURE 


Symbol  Description 

aw  wave  amplitude 

A  area  of  cylinder  cross  section 

b  maximum  half-beam 

b.  reference  quantity  for  motion 

1  i,  eq.  (2) 

waterline  beam.  Fig.  3 


°ik 

f(1)  f(2) 
j  k  'j£ik 


jF<n» (t) 


generalized  restoring  force 
coefficient  of  order  n  for 
(i,k) ,  eq.  (106) 

hydrodynamic  force  or  moment 
amplitude  of  order  n  in  direc¬ 
tion  j  caused  by  problem  k  or 
by  interaction  between  prob¬ 
lems  i  and  k,  as  applicable, 
eqs.  (90)  to  (92)  ,  n  =  1  or  2 

hydrodynamic  force  or  moment 
of  order  n  in  direction  j,  eq. 
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Green's  function  for  order  n, 
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eq.  (55) 

unit  vector  in  positive 
y-direction 

wave  number,  eq.  (58) 

unit  vector  in  positive 
roll  axis  direction 
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hydrodynamic  roll  moment  of 
order  n 

moment  of  inertia  of  order  n, 

eq.  (100)  b0 


incident  wave  phase  angle,  eq. 
(57),  6„=0  for  regular  sine- 
wave  (t=0)  in  positive  x-direc 
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perturbation  parameter  for 
incident  wave,  eq.  (2) 
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unit  normal  vector,  positive 
outward,  Fig.  3  "7 

directional  cosine  components 
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eqs.  (21)  to  (24) 


perturbation  parameter  for 
diffraction,  eq.  (2) 

perturbation  parameter  for 
motion  in  direction  i,  eq. (2) 
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body-fixed  right-handed  Carte¬ 
sian  coordinate  system,  Fig. 3 

hydrodynamic  pressure  of 
order  n 

hydrodynamic  pressure  ampli¬ 
tude  of  order  n  caused  by 
problem  k  or  by  interaction 
of  problems  (i,k),  as  appli¬ 
cable,  eqs.  (67)  to  (79) 

position  vector  in  o-x-y-sys- 
tem,  eq.  (81) 

body  boundary  inhomogeneities 
for  first  (k)  or  second-order 
(i,k)  problems,  eqs.  (30) ,  (44), 
(47),  (48) 

arc  length  on  cylinder  contour 

unit  tangent  vector,  Fig.  3 

wetted  cylinder  contour  at 
time  t.  Fig.  3 
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complex  variable,  source  point 
eq.  (54) 

incident  wave  length,  eq.  (58) 

dimensionless  hydrodynamic 
damping  coefficient  of  order  n 
caused  by  (i,k)  ,  eq.  (108) 

dimensionless  hydrodynamic 
mass  coefficient  of  order  n, 
caused  by  (i,k) ,  eq.  (108) 

frequency  parameter,  eq.  (58) 

fluid  density 

body  mass  density,  eq.  (99) 

velocity  potential,  eq.  (13) 

space  potential  functions  of 
orders  (1)  or  (2),  eq.  (13) 

decomposed  space  potentials 
of  orders  (1)  or  (2),  eqs. (16) 
(17) 
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wetted  cylinder  contour  at  a 

time  t=0.  Fig.  3 
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of  first-order  motion  response 
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T  draft,  Fig.  3 

V  velocity  vector  of  body  motion 


xi(t) 


x 

G 

(n) 


(n) 

oi 


,(n) 

ki 


¥(x,t) 

v  M 


normal  component  of  body  velo¬ 
city,  eq.  (9) 

body  motion  in  direction  i, 
eq.  (14),  for  sway  (i=2) , 
heave  (i=3) ,  and  roll  (i=4) 

body  motion  amplitudes  of  or¬ 
der  n,  eq.  (14) 

vertical  coordinate  of  body 
center  of  gravity 

norizontal  inertia  force  of 
order  n,  eq.  (100) 

free  surface  elevation  profile 

vertical  inertia  force  of  or¬ 
der  n,  eq.  (100) 
complex  variable,  field  point, 
eq.  (54) 
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body  bo  •*'uary  differential  ope¬ 
rator,  eq  (19) 

Laplace  operator 

free  surface  differential  ope¬ 
rator,  eq.  (18) 

radiation  differential  opera¬ 
tor,  eq.  (20) 

Hamilton's  nabla  operator 


Subscript  Conventions: 

The  paper  contains  several  multiply  sub¬ 
scripted  quantities  in  symbol  expressions 
of  the  general  form 

m j  1  ' oik  ' 

where  some  or  all  of  the  subscripts  may  be 
present.  These  symbols  denotes 

a)  Superscript  n  in  parentheses  refers  to 
the  order  n  of  the  quantity  in  the  per- 
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turbation  expansion. 

b)  Left  subscript  m  denotes  the  dependence 
upon  the  motions  of  first  (m=1)  and  se¬ 
cond  order  (m=2)  of  the  following  quan¬ 
tities:  potentials,  eq.  (17),  associated 
disturbances,  e.g.  eqs.  (44)  to  (49) , 
pressures,  eq.  (65) ,  and  forces, 

eq.  (87). 

c)  Left  subscript  j  (j  =  2,  3,  4)  is  used 
with  direction  cosines,  eqs.  (21)  to 
(24),  or  with  forces,  eqs.  (90)  to  (92). 
It  denotes  the  reference  direction  j. 

For  the  forces  both  subscripts  m  and  j 
may  occur,  eq.  (87) . 

d)  Right  subscripts  i,k  (i,k=0,  2,  3,  4,  7) 
relate  to  the  cause  of  the  subscripted 
quantity.  First-order  quantities  have  a 
single  subscript  k,  second-order  quanti¬ 
ties  require  at  least  two  subscripts 

i,  k;  second-order  steady-state  quanti¬ 
ties  carry  the  additional  subscript  o. 

Other  Conventions: 

-  Lengths  are  made  dimensionless  by  b  or 
|a  !,  angles  by  maximum  wave  slope  or  with 
rispect  to  1  radian,  time  by  u~  ,  and 
mass  per  unit  length  byob^. 

1  ■  INTRODUCTION 

The  past  decade  has  witnessed  a  rapid 
growth  of  interest  in  the  nonlinear  aspects 
of  ship  motions.  It  is  well  established 
that  linear  theory  succeeds  extremely  well 
in  predicting  many  important  phenomena  in 
ship  motions  within  the  accuracy  required 
for  design  purposes?  but  it  has  also  been 
recognized  all  along  that  the  range  of  va¬ 
lidity  of  the  linear  model  is  restricted 
by  its  fundamental  assumptions  of  small 
wave  heights  and  small  motion  amplitudes 
[  1  ]  .  There  has  been  growing  experimental 
evidence  in  recent  years,  accompanied  by 
basic  theoretical  results,  suggesting  that 
nonlinearities  in  waves  and  ship  motions 
are  also  a  matter  of  important  practical 
consequence.  This  holds  for  the  prediction 
of  any  large  amplitude  motion  effects,  par¬ 
ticularly  extreme  values,  and  has  received 
much  attention  in  connection  with  large  am¬ 
plitude  roll  (capsizing) ,  hydrodynamic  im¬ 
pacts  (slamming,  section  flare  effects) , 
wave-induced  bending  moments  and  other  non¬ 
linear  phenomena. 

The  present  paper  addresses  itself  to 
one  specific  aspect  of  nonlinear  ship  mo¬ 
tions,  that  is,  the  problem  of  an  infinite¬ 
ly  long  cylinder  oscillating  in  the  free 
surface  in  sway,  heave  and  roll  in  response 
to  a  regular  incident  beam  wave  of  finite 
amplitude  (on  deep  water  or  water  of  limi¬ 
ted  depth) .  This  case  is  an  important  refe¬ 
rence  point  for  solving  the  much  more  gene¬ 
ral  problem  of  ship  motions  in  an  irregular 
seaway,  although  a  comprehensive  nonlinear 
theory  for  the  latter  purpose  remains  to  be 
developed. 


The  current  two-dimensional  hydrodyna¬ 
mic  problem  is  approached  by  means  of  non¬ 
linear  system  dynamics,  perturbation  theory 
and  potential  flow  methods.  This  implies 
that  several,  but  not  all,  of  the  nonline¬ 
arities  present  in  the  physical  problem  can 
be  taken  into  account  and  that  the  results 
may  be  valid  for  moderate  wave  heights  and 
moderate  motion  amplitudes,  in  other  words, 
for  nonlinearities  of  such  degree  that  the 
second-order  perturbation  approximation 
will  remain  sufficiently  realistic. 

Specifically  the  approach  will  allow 
for  nonlinearities  in  the 

-  Free  surface  boundary  condition  for  in¬ 
cident  and  motion  generated  waves  (by 
including  second-order  effects  and  sa¬ 
tisfying  this  condition  in  the  true  free 
surface  -  in  a  perturbation  sense) , 

-  Body  boundary  condition 

(by  satisfying  it  over  the  really  wetted 
regime,  approximating  the  shape  of  the 
latter  by  a  Taylor  expansion  around  the 
rest  position  of  the  body  in  the  spirit 
of  perturbation  theory) . 

All  derived  responses  such  as  pres¬ 
sures,  forces,  motions  are  also  evaluated 
to  the  second  order.  However,  nonlineari¬ 
ties  of  viscous  origin  (like  separation  at 
sharp  corners)  are  disregarded,  although 
subsequent,  empirically  based  corrections 
of  the  system  model  remain  feasible. 

Much  of  the  previous  work  on  the  sub¬ 
ject  of  this  paper  has  been  devoted  to  the 
incident  wave  and  forced  oscillation  sub¬ 
problems.  Numerous  higher-order  wave  theo¬ 
ries  have  been  developed  by  Stokes  [2]  , 
Levi-Civita,  Sjelbreia  and  others.  Papani- 
kolaou  has  reviewed  several  of  these  theo¬ 
ries,  including  a  third  order  solution  of 
his  own,  in  [3j  .  For  the  present  purpose 
a  Stokes  second-order  wave  will  be  suffi¬ 
cient  to  represent  the  incident  wave  flow. 

In  regard  to  the  nonlinear  forced  mo¬ 
tion  problem  Ogilvie  l 4]  derived  the  second- 
order  steady  force  on  a  submerged  circular 
cylinder,  which  could  be  achieved  without 
explicitly  solving  the  second-order  boundary 
value  problem.  This  was  done  later  ,  y  Paris- 
sis  [5;  for  the  circular  cylinder  hea/ing 
in  the  free  surface  and  by  C.M.  Lee  [6j  for 
Lewis  forms.  Lee's  solution  to  the  second- 
order  set  of  boundary  value  problems  is 
based  on  multipole  expansions  and  conformal 
mapping.  Potash  [7]  ,  working  with  close-fit 
techniques  instead,  extended  the  problem  to 
sway,  heave,  and  roll,  including  their  coup¬ 
ling,  and  to  arbitrary  section  shapes.  Papa- 
nikolaou  [8,9]  ,cn  the  basis  of  a  similar 
approach,  reexamined  the  foregoing  results 
for  the  heaving  cylinder  and  removed  some 
inconsistencies  in  the  analytical  expres¬ 
sions  and  numerical  results.  Finally,  Masu- 
moto  (lO)  developed  an  approach  to  the  com¬ 
plete  second-order  oscillation  problem  using 
multipole  expansions  in  analogy  to  C.M. Lee's 
treatment  of  the  forced  oscillation  case. 

Several  approximate  solutions  to  the 
second-order  forced  motion  problem  have  been 
derived  without  solving  the  corresponding 
boundary  value  problem  completely  and  rigo- 
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rously.  C.H.  Kim  [11]  dealt  with  forced  hea¬ 
ving  of  triangular  cylinders  by  an  iteration 
which  departed  from  a  zero-frequency  solu¬ 
tion.  Grim  [12]  derived  approximate  solu¬ 
tions  based  on  low-frequency  assumptions 
for  large  amplitudes  of  roll.  Salvesen's 
approach  in  [l3]  to  nonlinear  heave  (and 
pitch)  is  also  based  on  low  frequency  ap¬ 
proximations.  Soding  [14]  used  Green's  the¬ 
orem  to  derive  the  second-order  force  on  an 
oscillating  cylinder  from  first-order  poten¬ 
tials  of  the  problem.  Yamashita  [15]  deve¬ 
loped  an  approximate  solution  for  "thin" 
oscillating  cylinders  with  results  up  to 
the  third  order. 

Several  authors,  e.g.  [l 6—1 8]  ,  in  con¬ 

trast  to  the  perturbation  school  of  thought, 
have  pursued  direct  time-domain  solutions 
of  the  complete  nonlinear  problem,  using 
initial  value  formulations  and  numerical  in¬ 
tegration  schemes.  These  methods  do  not  de¬ 
pend  on  linearizing  assumptions  and  are  at¬ 
tractive,  in  fact,  sometimes  perhaps  the  on¬ 
ly  available  recourse,  for  dealing  with  very 
large  motion  amplitudes  and  waves.  However, 
aside  from  some  unresolved  questions  regar¬ 
ding  the  treatment  of  the  radiation  condi¬ 
tion  in  the  complete  nonlinear  case  there 
are  also  some  practical  limitations:  Compu¬ 
ter  time  requirements  tend  to  be  heavy,  and 
validation  and  generalization  of  results  are 
difficult  to  perform  for  lack  of  frequency- 
dependent  submodels. 

Experimental  results  for  several  as¬ 
pects  of  the  nonlinear  problem  have  been 
presented  by  Vugts  [19]  ,  Tasai  and  Kotera- 
yama  [20]  ,  Yamashita  [15]  .  The  agreement 

between  individual  test  results  and  second- 
order  theories  is  encouraging,  although  the 
available  evidence  is  far  from  systematic 
and  complete. 

The  research  reported  in  this  paper  has 
the  aim  of  defining  a  complete  second-order 
model  for  a  cylinder  of  arbitrary  shape  os¬ 
cillating  in  the  free  surface  in  three  de¬ 
grees  of  freedom.  This  model  combines  a  qua¬ 
dratic  dynamic  system  model  with  a  second- 
order  hydrodynamic  model.  The  incident  beam 
wave  is  thus  a  second-order  regular  wave, 
that  is,  a  "steep"  wave  in  the  sense  of 
Stokes.  The  system  model  is  subdivided  into 
several  separate,  but  interacting  flow  sys¬ 
tems:  Incident  wave,  forced  motion,  and  dif¬ 
fraction  are  three  primary  subsystems  fami¬ 
liar  from  linear  theory.  In  second-order 
theory  it  is  not  sufficient  to  model  these 
individual  flows  to  the  second  order,  but 
it  is  also  necessary  to  account  for  the  mu¬ 
tual  second-order  interactions  in  these 
flows.  This  requires  introducing  three  fur¬ 
ther  second-order  subsystems. 

A  perturbation  expansion  in  five  small 
parameters  is  performed  on  the  nonlinear 
system  in  order  to  recognize  the  "smallness 
parameters"  characteristic  of  each  subprob¬ 
lem.  The  expansion  yields  a  corresponding 
set  of  20  linear  boundary  value  problems. 

The  great  majority  of  these  can  be  regarded 
as  radiation  problems  and  represented  by 
Fredholm  integral  equations  of  the  second 
kind.  This  permits  uniform  numerical  treat¬ 


ment  of  all  these  subproblems  by  close-fit¬ 
ting  methods.  The  standardized  hydrodynamic 
coefficients  obtained  from  the  submodels  are 
assembled  into  the  complete  transfer  model 
via  the  equations  of  motion  to  solve  for  the 
motion  response  and  other  responses.  The  pa¬ 
per  describes  the  solution  procedure  in  de¬ 
tail.  Some  numerical  examples  are  given  to 
illustrate  the  physical  properties  of  the 
transfer  model  and  its  components. 

2,  FORMULATION 

2.1  Dynamic  System  Model 

The  nonlinear  system  of  an  incident 
wave  and  a  body  oscillating  in  response  to 
this  wave  on  the  free  surface  of  a  fluid 
domain  may  be  described  by  two  sets  of  as¬ 
sumptions,  called  the  dynamic  system  model 
and  the  hydrodynamic  model.  The  former  is 
related  to  the  general  dynamic  behavior  of 
the  system  in  terms  of  its  input  and  output, 
the  latter  consists  of  the  hydrodynamic  cha¬ 
racteristics  assumed  for  the  flow  system. 

The  two  models  must,  of  course,  be  chosen 
in  accordance  with  each  other. 


Parameters! 


NONLINEAR 

WAVE/SHIP 

SYSTEM 


Motions 

- — • 

Pressures 

Forces 


0^  (t) 


l'ig.  1:  Dynamic  System  Model 

The  dynamic  system  model  of  the  nonli¬ 
near  wave-ship  system  (Fig.  1)  is  characte¬ 
rized  by  the  relation  between  its  input  sig¬ 
nal  i(t)  and  its  output  signals  Oj(t),j=1, 
...,J.  In  the  following  we  are  interested 
in  the  steady-state  behavior  of  the  system, 
that  is,  in  the  time-periodic  response  of 
the  ship  to  excitation  by  a  regular  steep 
wave.  Initial  transient  phenomena  of  the 
response  are  disregarded.  For  this  purpose 
we  assume  a  nonlinear  relationship  between 
input  and  output  of  the  form: 


o  ,  ( t }  =  £  a!n) !i(t)  )n  , 


and  in  particular  a  quadratic  time  response 
model  (N=2),.,This  model  is  introduced  here 
(as  in  earlier  work  by  Lee  [2l]  and  others) 
as  an  a  priori  working  hypothesis,  chiefly 
because  it  can  be  demonstrated  to  be  compa¬ 
tible  with  the  second-order  hydrodynamic 
model  to  be  developed  by  perturbation  me¬ 
thods  . 
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It  is  a  particular  property  of  this 
quadratic  model  that  the  response  Oj(t)  to 
a  monochromatic  harmonic  input  signal  i(t) 
of  frequency  w  will  contain  harmonic  terms 
of  frequencies  <■»  and  2o  »  as  well  as  a  con¬ 
stant  "d.c."  shift  term. 

In  view  of  the  complexity  of  the  total 
flow  process  it  is  now  of  practical  advan¬ 
tage  to  decompose  the  system  model  into  a 
set  of  separate,  but  interacting  nonlinear 
flow  subsystems,  each  individually  better 
amenable  to  hydrodynamic  analysis.  This 
will  be  done  much  in  analogy  to  the  concepts 
of  incident  flow,  forced  motion  and  diffrac¬ 
tion  flow,  familiar  from  linear  theory. 

At  the  same  time  it  is  convenient  to 
introduce  a  system  of  several  small  dimen¬ 
sionless  parameters  et  suitable  for  defining 
characteristic  "smallness  ratios"  in  the 
perturbation  expansions  of  the  subproblems. 
We  introduce: 


2s 


e0  =  X  '  IV=  k 

W 

-1 


e7  =iaw!b'  -  e0  <kb> 


-1 


(2) 


I  x  ;  I 

6 !  =  -V  .  i  »  2,  3,  4 


with 


=  amplitude  of  regular  beam  wave 
(a,,  in  general  complex) 

=  wave  length 
=  2s  =  wave  number 


v  b  =  eg 


-  ,.£-1  b=dimensionless 


frequency  parameter 


and  physically  for  a  second-order  wave  on 
water  depth  h  {3]  : 


of  the  motion  amplitudes  in  each  degree  of 
freedom.  Thus  we  have  available  a  set  of 
physically  relevant  smallness  parameters  for 
the  major  subsystems  of  the  flow  model. 

The  use  of  five  small  parameters  does 
not  imply  that  they  are  meant  to  be  indepen¬ 
dent  of  each  other,  but  only  that  their  phy¬ 
sical  interdependence  need  not  be  considered 
until  after  the  subsystem  flow  problems  are 
solved.  In  fact,  and  e?  are  both  depen¬ 
dent  on  wave  height,  and  e7(e0)  and  are 
physically  linked  by  body  dimensions.  How¬ 
ever,  at  least  two  physically  independent 
smallness  assumptions  can  be  made,  for  exam¬ 
ple,  the  traditional  "small  wave  steepness" 
and  "small  motion  amplitude"  assumptions. 

To  this  extent  our  approach  parallels  New¬ 
man's  in  [22]  who  used  three  perturbation 
parameters  in  a  thin  ship  oscillation  prob¬ 
lem  to  characterize  the  orders  of  beam- 
length  ratio  (thinness) ,  wave  steepness, 
and  motion  amplitudes. 

The  decomposition  of  the  dynamic  sys¬ 
tem  model  S  into  a  set  of  second-order  sub¬ 
system  models  jS ,  assuming  for  the  time 
being  that  all  e^  are  of  equal  order  of  mag¬ 
nitude,  can  now  be  expressed  in  terms  of  the 
characteristic  small  parameters  present  in 
each  subsystem: 


s (x,y ; t; cQ, c7 , ci>  = 

js  (x ,  y  ;  t ;  eq)  +  jS  (x  « y  i  t ;  e.j!  + 


3S(x,y;t;ei)  *  4s (x,y: t; cicQ)  + 


(3) 


S(x,y?t iC.s7)  +  AS(x,y:t;cnE7)  +  C(Efc) 


0  ? 


kb  •*  (vb){cQ(  1  +  Cq  Cj)}  +  O(Cp) 


C0  =  •  Cj 


4  2  4 

'  (8c  -8c  +9) /8s" 


sinh  (kh) 


cosh  (kh) 


Furthe 

b 


=  maximum  half-beam  of  section 


.(1) 


=  2,  3,  4  for  sway,  heave,  roll, 
respectively 


x : ' ”  =  complex  first-order  amplitude  in 
A  direction  i 


Fig.  2  illustrates  the  mutual  interactions 
of  the  six  basic  nonlinear  subsystems: 


b^  =  reference  quantity  for  motion  i 
b2  =  b3  a  b  =  maximum  half-beam 
b4  =  1  rad  =  unit  reference  angle 

The  parameter  e0  is  a  measure  of  wave 
steepness  in  the  incident  flow,  e?  is  cha¬ 
racteristic  of  the  magnitude  of  the  diffrac¬ 
tion  flow,  and  the  £<  define  the  smallness 


^S:  Nonlinear  incident  wave 

2S:  Nonlinear  diffraction 

jS:  Nonlinear  forced  motion 

^S:  Nonlinear  interaction  of  and 

5S:  Nonlinear  interaction  of  2S  and 

gS:  Nonlinear  interaction  of  and  2S 


. . .  iiJmii"' 


The  second-order  model  of  (3)  differs 
from  linear  theory  in  two  ways:  The  famil¬ 
iar  basic  flow  systems  )S,  2s »  3$  have  to 
be  extended  to  second-order  level,  and  their 
second-order  interactions  have  to  be  taken 
into  account,  which  is  done  by  the  subsys¬ 
tem  4S,  5S,  g5.  Each  subsystem  jS  corre¬ 
sponds  to  a  nonlinear  boundary  value  prob¬ 
lem  of  potential  flow,  which  by  perturba¬ 
tion  methods  can  be  reduced  to  classes  of 
linear  boundary  value  subproblems  jS  - 
Some  of  these  classes  are  further  subdivi¬ 
ded  into  elements  of  types  jS|n*  and  , 

that  is,  linear  subproblems  to  be  derived 
in  detail  from  the  hydrodynamic  model. 

Fig.  2  shows  the  complete  scheme  of  nonli¬ 
near  flow  subsystems  jS  and  their  subprob¬ 
lem  classes  and  elements,  connected  by  so¬ 
lid  lines,  whereas  the  dashed  lines  with 
arrows  indicate  how  the  nonlinear  subsys¬ 
tems  jS  interact  with  each  other  via  their 
linear  boundary  value  subproblems* 
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The  motion  is  assumed  to  have  existed  long 
enough  for  all  transient  effects  to  have  de¬ 
cayed.  Further,  we  assume  inviscid,  irrota- 
tional  flow,  which  ensures  the  existence  of 
a  velocity  potential  *{x,y,t)  satisfying 
Laplace's  equation  for  an  incompressible 
fluid. 

Combining  the  kinematic  and  dynamic 
boundary  conditions  on  the  free  surface 
y=¥(x,t),  extending  to  infinityon  both 
sides  of  the  body,  one  obtains  |8j  : 


«tc(x,Y(x;t> : t)  *9  4y 


(5) 


-  2(4 
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2.2  Boundary  Conditions 

A  cylinder  of  arbitrary  cross  section 
shape  is  oscillating  in  or  just  below  the 
free  liquid  surface  in  response  tc  a  beam, 
regular,  steep  wave  of  amplitude  aw  and 
frequency  u-  . 


If  the  fluid  has  a  horizontal  bottom  at 
y~-h,  then 

4v(x,-h;t)  =  C  (6) 

The  kinematic  body  boundary  condition  im¬ 
plies  that  the  normal  velocity  of  the  fluid 
4  equals  that  of  the  body  Vn(Fig.  3) : 


S(t)s  4  =  (n7)4(x,y;c)  *  V  =  n  V(x,y;t)  (7) 

**  n 


with 

**  f  »  <♦ 
n  *tsinof-cosa)  ,  s 

=-{cosa,&ir.a; 

C3) 

=  sina  i 

-  cosa  4 

K  y 

(9) 

V 

n 

-  sina  x 

-  cosa  y 

e 

X  = 

3x/3t 

9 

*  ::2  - 

s  _ 

x4  <y  cos 

x,  +  x  sin  Xj.) 

( 

10! 

fl 

»>* 

3y/3t 

=  x3  + 

x  .  (x  cos 
4 

x,  -  y  sin  x  ) 

H 

sin 

alt)  = 

3y/3s 

-  y' cos 

x,  +  x'sir.  x, 

4 

(in 

cos 

alt)  = 

3x/3s 

=  x 'cos 

x*  ”  y'sin 

H  H 

Fig.  3:  Coordinate  Systems 

Two  Cartesian  coordinate  systems  are 
employed  (Fig.  3) :  The  right-handed  system 
o-x-y  is  fixed  in  space  so  that  o-x  corres¬ 
ponds  to  the  undisturbed  fluid  surface  and 
y  is  positive  upward;  the  right-handed  sys¬ 
tem  o-x-y  is  fixed  in  the  moving  body  and 
coincides  with  o-x-y  when  the  body  is  in  its 
equilibrium  position.  The  displacements  of 
sway,  heave  and  roll  are  denoted  by  X2»  X3 
and  X4,  respectively.  Due  to  these  motions 
a  point  (x»y)  moving  with  the  body  nas  the 
following  coordinates  measured  in  the  sta¬ 
tionary  system: 


where  the  prime  denotes  the  derivative  with 
respect  to  arc  length  s,  the  dot  indicates 
a  time  derivative,  o(t)  is  the  angle  between 
unit  tangent  vector  s  and  the  positive  x- 
direction,  and  n  the  unit  normal  vector 
which  is  positive  outward. 

At  large  distance  from  the  body  a  sui¬ 
table  Sommerfeld  radiation  condition  is  im¬ 
posed.  Physically  this  corresponds  to  the 
fact  that  the  incident  wave  and  the  motion 
generated  by  the  ship  are  the  only  distur¬ 
bances  present.  Mathematically  this  condi¬ 
tion  ensures  uniqueness  of  the  solutio..  po¬ 
tentials. 

In  determining  the  potentials  the  mo¬ 
tions  of  the  body  xplt)  will  be  assumed  to 
be  known.  The  normalized  potentials  and  cor¬ 
responding  hydrodynamic  forces  determined  on 
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this  assumption  will  be  substituted  into  the 
equations  of  motion  later  to  derive  the  ac¬ 
tual  body  motions  in  a  given  wave. 

2.3  Perturbation  Expansions 


placements  (t)  may  be  correspondingly  ex 
panded  into  a  perturbation  series  in  terms 
of  the  small  parameters  cj,  characterizing 
the  magnitude  of  the  motions  in  each  dlree 
tion  i,  eq.  (2) : 


In  order  to  reduce  the  nonlinear  boun¬ 
dary  value  problem  defined  in  the  preceding 
section  to  a  set  of  linear  subproblems,  we 
assume  that  the  potential  *  can  be  expanded 
into  a  power  series  in  terms  of  five  pertur¬ 
bation  parameters  (k=0,  2,  3,  4,  7)  up  to 
the  second  order  in  accordance  with  (3) : 


4{x,y;t;ck)  =  T.  ek  #kl>{x,y;t)  + 
k 

_Vick  + 

i ,  k 

with  $(0!  =  0  ,  i,k  =  0,  2,  3,  4, 


(12) 

0  (  E  ^  ) 


7 


Questions  concerning  the  convergence  of 
the  foregoing  expansion,  or  particularly  its 
uniform  convergence,  must  be  left  open  for 
the  moment.  Current  calculation  results  sug¬ 
gest  that  the  second-order  potentials  'Mjt 
are  of  equivalent  order  of  magnitude  to  the 
first-order  potentials  4£''so  that  the  mag¬ 
nitude  of  the  c±,  ejj  will  govern  the  con¬ 
vergence  of  the  expansion.  The  series  should 
converge  for  sufficiently  small  values  of 
these  parameters,  but  how  this  limits  the 
physical  range  of  validity  of  this  second- 
order  theory  has  yet  to  be  found  out.  Spe¬ 
cial  caution  is  in  place  for  non-vertical 
section  shapes  in  the  waterline  with  regard 
to  existence  and  uniqueness  of  solutions  • 
although  in  our  experience  to  date  no  se¬ 
rious  practical  difficulties  have  arisen 
yet. 

according  to  the  quadratic  response  mo¬ 
del  (1)  a  regular  steep  wave  of  frequency  „ 
will  produce  physical  output  effects  with 
frequencies  ^  and  2^  .  Allowing  for  this 

fact  in  the  separation  of  variables  for  the 
potentials  in  (12)  by  including  terms  of 
corresponding  frequencies,  expanding  the  po¬ 
tentials  for  small  perturbations  about  the 
positions  at  rest,  and  treating  the  bounda¬ 
ry  conditions  accordingly,  one  can  show  1 8] 
that  the  relevant  potential  terms  up  to  the 
second  order  are  included  in  the  simplified 
expression: 


_  l  t  n  (n)  -jkst 
x,  (t)  -  -  c.  x.  .  e 

1  k=0  n=0  1  k 


(14) 


Neglecting  trivial  terms: 


x,  (t) 


Cn)  e-jnwt  +  X121  (14a) 

.  i  01 


where  we  have  introduced  the  ;  bbreviated 
notation  to  be  used  from  now  on: 


(n) 


k/0 , 


(14b) 


This  change  of  notation  is  equivalent  to 
saying  that  we  will  initially  consider  all 
hydrodynamic  problems  and  their  responses 
in  a  normalized  way,  namely  for  6^=1.  How¬ 
ever,  Cj_  will  be  reintroduced  later  in  sol¬ 
ving  the  equations  of  motions  and  determi¬ 
ning  the  actual  response. 

By  substituting  these  perturbation  ex¬ 
pansions  (13)  and  (14) ,  and  corresponding 
ones  for  the  wave  profile  y=Y (x , t)  and  its 
derivatives,  into  the  Laplace  equation  and 
the  boundary  conditions  formulated  in  sec¬ 
tion  2.2,  it  is  possible  l 8]  to  reduce  the 
given  nonlinear  time-dependent  boundary 
value  problem  for  4  (x,v,t)  to  a  set  of  only 
space-dependent  linear  boundary  value  prob¬ 
lems  for  t  (x,y) .  The  nonlinear  problem 
contains  boundary  conditions  on  free  ar.d 
moving  boundaries,  the  linear  subproblems 
involve  only  fixed  boundaries,  namely  the 
undisturbed  positions  of  the  liquid  and  body 
surfaces.  This  is  in  the  spirit  of  the  per¬ 
turbation  method  where  the  conditions  at  the 
true  positions  of  these  surfaces  are  approx¬ 
imated  by  Taylor  series  expansions  about 
the  positions  at  rest. 

The  linear  boundary  value  problems  re¬ 
sulting  from  this  perturbation  development 
are  described  in  the  following  section.  We 
restrict  ourselves  to  the  deep  water  case 
from  here  on.  Details  of  the  derivation  and 
regarding  the  consequences  of  limited  water 
depth  can  be  found  in  [23]  . 


4{x,y;t:Ek) 


k  ’’k 


■jet 


(13) 


i,k 


clek  ^k>(x’y)  e'2j^  +  0(£J> 


This  expression  omits  some  trivial  poten¬ 
tials  as  well  as  some  time-independent  se¬ 
cond-order  terms  whose  hydrodynamic  effects 
are  of  fourth  order. 

By  analogous  reasoning  one  obtains  ex¬ 
pressions  of  equivalent  form  for  the  wave 
profile  y=Y(x,t)  and  for  all  physical  quan¬ 
tities  to  be  derived  from  the  potential, 
that  is,  for  example  the  pressures,  forces 
and  moment  on  the  body.  The  unknown  dis- 


2.4  Boundary  Value  Problems 

In  order  to  obtain  a  formulation  for 
the  boundary  value  problems  for  the  poten¬ 
tials  which  is  independent  of  the  unknown 
motion  amplitudes  it  is  convenient  to  nor¬ 
malize  the  potentials  in  terms  of  the  dis¬ 
placement,  velocity  and  angular  velocity 
components  of  the  body  or  the  exciting  wave, 
where  applicable.  These  components  are  for 
the  first-order  potentials,  from  (14)  and 
the  incident  wave  velocity: 
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The  phase  angle  o„  measures  the  distance  of 
the  incident  wave  crest  from  the  origin  at 
time  zero. 

In  terms  of  these  velocity  components 
the  first  order  potentials  may  be  expressed 
bv  introducing  the  normalized  potentials 
?JnJ  as  follows: 


c.  *,(1> 

K  K  K 


~  1  •  ,  *-  #  -  #  *t  i  i 

The  second-order  potentials  may  be 
split  up  into  two  sets  of  normalized  terns, 
those  due  to  first-order  displacements  ar.d 
velocities  {left  subscript  equal  to  one) , 
and  those  resulting  from  second-order  velo¬ 
cities  (left  subscript  two): 

v>  ‘IV-  ‘IV  -  AV  •  AV 

AV  V'A'AV'  <» 


for  i,k*  0,  2,  3.  4.  ?, 

=  v‘2»  %l2> 

2  li  i  2*ii  , 

for  i=k  =  2,  3,  4  . 


For  the  sake  of  brevity  we  introduce 
the  following  differential  operators  (  [6j  , 

l8]  )  : 

Free-Surface  Differential  Operator 


F ■:••){  pcs.yi 


J ,  lx.yi £  S„  (IB) 


Body-Surface  Differential  Operator 


,y)  »  f(y'F-x'F),  is.yic  S  119) 
*  /  C 


Radiation  Condition  Differential  Ope¬ 
rator 


R<vH  F(*»V)  *  f  Self  -  jv?  }  »  Cx,y|J  '  (20) 

J  x 


The  boundaries  Sp,  SQ,  Ss  and  S.  are  illus¬ 
trated  in  rig.  4^  "  J* 


V — ^ 


ds  S„ 


Fig.  4:  Geometry  of  the  Boundary* 
Value  Problems 


The  time-dependent .direction  cosines  of 
the  unit  normal  vector  ri,  defined  in  (8;  , 

and  (11)  ,  may  be  approximated  by  means  of  a 
perturbation  expansion  about  the  body  posi¬ 
tion  at  rest  and  thus  expressed  in  terras  of 
body- fixed  coordinates: 


n,  =  t  a: 
*  n=0 


,n>  c-}nst  +  nl2',  ^  i  =  2,3>4  ,21, 


^0)  il) 
in  '  Ni 


*{1)  n{15 

*4  i 


»;!i  •  *  »•» 

-iV  ■  AVAV  - 

f  ?'  f *'  ,  i-2 


f  y'  f *' 

.n”  ? 

Ur  C  xx  '  +y y  '  )  Ufl 


^  J2)  ,  {2)  _  n(l)  n(2)  =  „C2> 

i"22  i' o2  i"  '  i“2!  i' ol  (24) 

_ _  n,u}  <44 

«c2>_r  i 

<**-:  S 

'-O,  i-4 

A  similar  expansion  is  performed  for 
the  direction  cosines  of  the  unit  tangent 
vector  s, 

Collectino  terms  whose  common  factor  is 
£;  cQ-'*  e-i“»t  (n=i ,  2;  i,  >:=0 ,  2,  3,  4,  7), 
weiobtain  the  following  well-posed  linear 
boundary  value  problems,  generally  of  mixed 
form  {third  kind,  Robin  problem.) ,  _  for  the 
unknown  potential  functions  **nj  [23J  : 

First-Order  Boundary  Value  Problems 
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ice  inhoaogenous  terms,  corresponding  to 
ir  «s-145!  and  C491  (both  complex)  ,  are 

-suits  -  However,  there  is  full  agreement 
Lth  bee’s  later  leorreeted)  problem  forsu- 
ttion  f 21}  .  For  sore  details,  see  {8|  # 
?*} 
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.  1  Boundary  Value  Problems  Type 


In  the  preceding  section  a  set  of  line- 
;  boundary  value  problems  was  introduced 
■  eqs.  1251  to  1311  for  the  first-order  po- 
sntials  :.y'  and  by  eqs.  (3?)  to  (501  for 
le  second-order  potentials  .  All  poten- 
ial  functions  are  in  general “complex  (with 
•spect  to  tiae)  according  to  eqs.  (131  to 
111.  Referring  hack  to  Fig.  2  for  orienta- 
Lon,  one  can  now  distinguish: 


The  only  essential  difference  between 
the  first  and  the  second  order  lies  in  the 
f*'*?  t!i"“  free  surface  boundary  condition: 

L^-=0  for  the  first,  and  f  (  •1*,l  f  0 

for  the  second  order. 

Boundary  value  problems  of  type  (511 
may  be  addressed  as  “radiation  problems" 
according  to  Sommer f eld,  summarizing  under 
this  name  all  those  problems  which  nay  be 
described  by  pulsating  sources  in  a  finite 
fluid  domain. 

The  uni fora  format  of  the  boundary  val¬ 
ue  problem  type  describing  the  linear  submo¬ 
dels  of  the  nonlinear  flow  system  has  seve¬ 
ral  practical  advantages.  Questions  of  exis¬ 
tence  and  uniqueness  of  solutions  may  be  dis¬ 
cussed  in  a  very  general  way  once  and  for 
all.  Above  ail,  however,  it  is  of  imncslcro 
benefit  that  a  single  numerical  solution 
approach  aay  be  applied  to  all  subproblems 
under  discussion. 


First-order  incident  wave  potential 
(k=0 ;  n=l),  solution  known. 


3.2  Integral  Equation  Method 


First-order  forced  oscillation  potentials 
(k=2,  3,  4;  n=11,  three  unknown  functions. 

First-order  diffraction  potential  (k=7; 
n=1 1 ,  symmetric  and  anti syame trie  parts, 
two  unknown  potential  functions. 

Second-order  forced  oscillation  poten¬ 
tials  (i,  k=2,  3,  4:  isk;  n=2) ,  total 
of  six  unknown  potential  functions. 

Seeond-or-aer  incident  wave  and  diffrac¬ 
tion  potentials  (k=0,  1:  n=2) .  On  deep 


Green's  third  theorem  of  potential  the¬ 
ory,  applied  to  the  $tnj -boundary  value 
problem  (511 ,  yields  the  following  inhomoge¬ 
neous  integral  equation  of  Fredholm  type  of 
the  second  kind  (Helmholtz  integral  equa¬ 
tion)  ,  ( 8]  : 


-  2«  f"'1  (x.y!  * 
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Iipolc.t  arranaee 


from  a  single  layer  potential  of 
;e  intensity  — R^n'  {  )  on  S , 
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The  integral  equation  (52 J  represents 
actually  a  pair  of  coupled  integral  equa¬ 
tions  because  the  unknown  functions  i- 
are  complex.  A  physical  interpretation  of 
this  formulation  is  as  follows:  The  poten¬ 
tial  *'n' (x,v)  in  a  field  point  PCx,y)  is 
composed  of  contributions  f re-  a  double 
layer  potential  of  (unknown)  intensity 

5,1  )  produced  by  dipole-;  arranged 
along  So,  from  a  single  layer  potential  of 
known  source  intensity  -R^nM  ,  r,  )  on  Sr, , 
and  in  the  event  of  second-order  potentials 
a  further  single  layer  potential  of  known 
source  intensity  L*-4'  (  {,  0)  on  Sp. 

The  Helmholtz  integral  equation  formu¬ 
lation  (52),  which  was  apparently  first  in¬ 
troduced  into  ship  notion  theory  by  Potash 
I  7]  ,  is  analytically  sore  general  ti  an 
Frank’s  well-known  conventional  source-sink 
method  I 24]  by  including  boundary  value 
problems  of  inhomogeneous  mixed  type.  In 
addition,  even  when  applied  strictly  to  a 
Neumann  problem,  it  has  shown  certain  advan¬ 
tages  numerically,  especially  for  more  com¬ 
plicated  section  shapes,  and  with  regard  to 
its  sensitivity  to  the  well-known  irregular 
frequency  phenomenon  le]  ,  (231  ,  [25]  . 

The  discretization  of  the  integral 
equation  system  €521  into  an  algebraic  set 
of  equations  is  conventional  in  the  sense 
of  close-fit  methods  and  will  not  be  dis¬ 
cussed  here.  Details  can  be  found  in  |8]  , 

I  23]  .  In  contrast  to  Frank’s  close-fit 
method  the  normal  derivatives  of  Green’s 
function  in  (52)  are  taken  with  respect  to 
source  point  coordinates,  which  simplifies 
some  integral  expressions  to  be  evaluated 
for  the  discrete  panels  I  8 j  . 

Some  particular  analytical  difficulties 
exist  in  evaluating  the  integral  expressions 
in  (52) .  One  of  these  pertains  to  the  line 
integral  over  Sp,  which  contains  a  singula¬ 
rity  where  Sp  intersects  with  Sc.  This  cau¬ 
ses  numerical  difficulties  in  evaluating  the 
potential  and  its  derivatives  in  the  vicini¬ 
ty  of  the  singular  point.  Further  the  inte¬ 
gration  along  Sp,  which  should  be  extended 
to  infinity,  must  be  truncated,  so  that  »o«e 
analytical  criterion  for  the  truncation  li¬ 
mit  is  required.  Our  approach  to  these  ques¬ 
tions  is  discussed  in  section  3.3.3. 


It  is  well-known  i 26j  that  integral 
equation  formulations  like  (52) ,  or  as  used 
by  Frank,  fail  to  provide  finite,  unique, 
physically  meaningful  solutions  at  or  near 
-certain  "irregular"  frequencies  correspon¬ 
ding  to  eigenvalues  of  the  adjoint  interior 
potential  boundary  value  problem.  This  phe¬ 
nomenon  is  known  as  "irregularity  problem". 
In  second-order  theory  this  type  of  effect 
begins  at  much  lower  frequencies,  the  first 
second-order  irregularity  occurring  at  about 
one  ouarter  the  frequency  of  the  corresocn- 
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proper  treatment  of  this  effect  is  even  more 
important  than  in  linear  theory. 

Proposed  cures  to  this  problem  may  be 
analytical  (Ursell  [27]  ,  Ogilvle-Shin  [28] 
Papanikolaou  1 8jl  semi-analytical  and  -nume¬ 
rical  (Paulling  and  Hood  [29J  ,  Qhraatsu  l  3C§ ) , 
or  purely  numerical  (Faltinsen  ( 31]  ,  Papa¬ 

nikolaou  [8,  23] ) .  in  the  present  context 
numerical  methods,  based  on  interpolation 
of  regular  frequency  results,  were  preferred 
to  others  up  to  moderately  high  frequencies 
because  they  were  convenient  to  use  and  gave 
reliable  results,  though  not  always  without 
substantial  expense  of  computer  time  1 25)  . 
But  it  must  be  mentioned  that  purely  analy¬ 
tical  methods  for  this  purpose  have  not  yet 
been  extended  to  second-order  situations 
with  inhomogeneous  free  surface  boundary  con¬ 
ditions. 

3.3  Solution  Potentials 
3.3.1  Incident  Have  Problem 

The  derivation  of  second- order  poten¬ 
tials  for  a  regular,  steep  (Stokes)  wave 
may  be  assumed  to  be  known,  e.g.  I  3 J  ,  It 
will  be  presented  in  a  special,  normalized 
fora  in  the  present  context.  ,  ,,, 

For  water  of  infinite  depth  % q 
is  trivial  and  need  not  be  considered.  For 
a  second-order  regular,  steep  wave  propaga¬ 
ting  in  the  positive  x-direction  on  deep  wa¬ 
ter  (beamwise) ,  the  first-order  ootential 
for  the  wave  with  amplitude  av  and  wave 
length  *w  must  satisfy  eqs.  (25),  (26)  and 
(28)  and  is  of  the  fora 


=>  (kb)  v 


•!  e'K(y*jx) 


This  may  be  normalized  accordina  to  (15), 
(1§) 


■1  I  .  tv  lCkX-M 
.a  »e  * 


Cvb)  =  CkbJ  1 1  -  £0)  *  o(c0>,c0  =  kUw!i5e> 
*ith  the  dimensionless  frequency  parameter 


Note  that  the  wave  corresponding  to 
this  potential  is,  in  fact,  exact  to  the 
third  order  although  here  nonlinear  effects 
are  visible  only  in  the  relation  between 
wave  frequency  and  wave  length,  eq.  (58) . 
The  phase  angle  » v  measures  the  position 
of  the  wave  crest  relative  to  the  origin 
at  time  zero. 


3.3.2  First-Order  Radiation  Problems 

All  remaining  potential  flow  problems 
are  radiation  problems  of  the  form  (TO, 
with  L ' ' '  =0  for  the  first  order.  These  prob¬ 
lems  can  all  be  solved  by  a  uniform  proce¬ 
dure:  The  integral  equation  formulation  (52) 
is  discretized  by  introducing  N  straight- 
line  element  panels  of  constant  potential 
value  on  the  body  contour  S0  and,  in  the 
spirit  of  the  close-fit  method,  setting  up 
an  algebraic  system  of  equations  based  on 
the  boundary  conditions  at  the  midpoints  of 
the  discrete  panels.  Details  of  the  proce¬ 
dure  and  the  system  of  influence  coeffici¬ 
ents  and  right-hand  side  terms  in  the  alge¬ 
braic  equation  system  are  giver  in  f  2 3 ]  . 

The  forced  motion  first-order  poten¬ 
tials  (k= 2 ,  3,  4)  are  determined  in  a  single 
calculation  usinr  symmetry  or  antisymmetry , 
whereas  the  diffraction  problem  ():=7)  must 
be  solved  twice  for  the  symmetrical  and  an- 
tisymmetrical  parts  of  rio  in  (30). 

Once  the  potentials7  are  known 

on  SQ,  eq.  (52)  may  be  used  again  to  calcu¬ 
late  this  potential  at  any  desired  point 
(x,y)  in  the  fluid  domain  D.  In  particular 
the  first-order  potentials  can  be  evaluated 
on  the  boundary  Sp  (free  surface)  which  is 
required  to  obtain  the  inhomogeneous  terms 

,  eqs.  (45)  and  (49),  for  the  second- 
orcler  problems. 

3.3.3  Second-Order  Radiation  Problems 

The  general  procedure  in  solving  the 
second-order  radiation  problems  is  the  same 
as  for  the  first  order,  that  is,  eq.  (52) 
is  again  discretized  and  applied  to  points 
on  the  body  contour  (x,y)  e  S0.  In  fact,  the 
problems  associated  with  secona-order  onset 
flows  VjU>  (k=2,  3,  4),  eqs.  (32)  to  (37), 
are  completely  analogous  in  form  to  the 
first-order  problems  and  can  be  treated 
accordingly  without  difficulty. 

However,  the  remaining  second-order 
radiation  problems,  which  are  caused  by 
first-order  disturbances  proportional  to 
x|'0  vj[ 1 '  (i,k=0,  2,  3,  4,  7),  do  introduce 
seme  special  questions  regarding  the  evalu¬ 
ation  of  the  right-hand  sides,  eqs.  (44)  to 
(49) .  These  expressions  involve  first  and 
second  partial  derivatives  of  the  potential 
which  are  to  be  approximated  numerically. 

The  accuracy  of  these  approximations  must 
be  examined  carefully.  In  our  computing 
experience  for  a  variety  of  different  sec¬ 
tion  shapes  it  has  been  found  advantageous 
to  transform  some  of  the  second  derivatives 
with  respect  to  x  and  y,  where  required,  to 
expressions  with  derivatives  in  the  tangen¬ 
tial  direction  s,  eqs.  (44)  to  (49)  .  This 
has  helped,  in  particular,  to  obtain  stable 
results  for  ,,  r|“'  on  Sq. 

Regarding  the  numerical  evaluation  of 
the  term  ^15^'  on  Sj>  some  further  problems 
arise.  The  “improper  integral  over  Sp  in 
(52)  involving  this  term  in  the  integrand 
requires  integration  to  infinity,  but  in 
practice  Integration  must  be  truncated  at 
a  "sufficient"  distance  "xB  "  from  the  body. 


This  problem  is  also  familiar  from  time-do¬ 
main  and  finite  element  formulations  of  the 
present  problem  [l7]  ,  (32)  ,  [33]  ,  where 

in  addition  it  is  fundamentally  difficult  to 
ir.J.et  the  radiation  condition  at  infinity.  It 
can  be  shown  by  theory  that  dye  to  the  har¬ 
monic  asymptotic  behavior  of  1 ' 


,  { 2 )  ,  . 


Nevertheless  an  independent  criterion  must 
be  used  to  measure  the  truncation  error,  in 
the  present  context  the  following  indirect 
procedure  was  usee:  The  first-order  damping 
coefficient  was  first  calculated  frer.’.  near 
fieid  quantities  (by  pressure  integration) 
and  then  compared  to  results  derived  from 
far  field  potentials  (via  radiated  wave  am¬ 
plitudes)  ,  extending  the  range  of  integra¬ 
tion  on  Sp  step  by  step  until  sufficient 
agreement  was  reacned  asymptotically.  This 
defined  the  truncation  point  x„,  .  In  prac¬ 

tice,  xM  was  found  to  depend  or.  frequency 
(HI  and  body  shape. 

A  particular  difficulty  exists  at  the 
intersection  between  S  and  SF  where 
and  are  singular?  Assuming  the  singu¬ 

larity  to  be  integrable,  which  cannot  be 
taken  for  granted  for  any  section  shape, 
we  treat  this  problem  numerically  by  close¬ 
ly  approaching,  but  still  exempting  the  pole 
in  the  integrations.  However,  the  fundamen¬ 
tal  analytical  problem,  particularly  for  non¬ 
vertical  sections,  remains  unreso.lved  des¬ 
pite  John's  valuable  basic  work  [26]  . 

3.4  Pressures,  Forces,  Moment 

3.4.1  Pressures 

The  hydrodynamic  pressure  P  (x,-  t) , 
measured  relative  to  atmospheric  pressure 
level,  according  to  Bernoulli's  equation 
is 


V (x,y ; t) 


k  $t (x  ,y ; t)  -  jp  1 j  2 


Using  the  abbreviations  from  eqs.  (13)  to 
(17) 

a'15  s  r  .O)  *<2>  -  ( 2 ) 

*  "  l  **  *  1*  Vk1*1*  '  <&2> 

12)  (2)  1 ' * 

2$  =  £  i  '  i=  2-  3'  4'  k“  2'  3<  4»7 


we  obtain  the  hydrodynamic  pressure  on  S(t) 
up  to  the  second  order: 

P(x(p) ,y (s) ;t)=  -  pgy  -  {pg(x*1)+  x  x j 1 1 )  - 
-  jpw<J> (  Mx  ,y )  -  {pg(x^2  +  x  x^2  - 

0 . 2  5y  x<J)2>  -  2jpw(.<}>t2)  +  ,$!2))  +  0.25  p< 


.(1)2  ,0)2 

) 

n  s 


Jn-  x'xU) 

t2  X  x3 


(xx'+vyOx*11)**1*  -  0.5jpa<x'x^n+  y'x'!)- 
(xy'~  yx' ) x^ 1 ) )  ’  }  e~2  3  _  (pg<x^2)* 


fW  sj'jwff,  BW, 


\ 


1 


~  x(2)  (1) .2 
x  xo4  -  0.25yix4  | 

U*1'!2)  +  0 . 5  j  pMy'xi*1-  x'x(1) 


4  '  ”n 

4  s 


)  +  0.25p(U^1!  j2  + 

(xx' +yy' ) 
y'x^ ' '  +  (xy'-yx' ) 
(63) 


2 

,r-  (i) 
'  4  2 


3 
(1) 


These  expressions  were  derived  after 
expanding  the  potentials  <*,(5)  and  $(2) 
into  Taylor  series  about  the  equilibrium 
position  of  the  body  contour  S  so  that  all 
potentials  and  their  derivativis  in  (63) 
pertain  to  this  position. 

Eq.  (63)  represents  a  complete  hydrody¬ 
namic  transfer  model  for  the  pressures  on 
the  wetted  body  contour  S(t).  This  transfer 
model  corresponds  to  the  dynamic  system  mo¬ 
del  (3)  and  can  be  decomposed  into  terms  of 
different  orders  (and  frequencies)  in  analo¬ 
gy  to  (13): 


Ptx.yj  t; ek)  =  p<0!  (y)  + 


+  ( 


i  ,k  *  ' 

+  >  eiS 
i.x 


E  Ek  pk* 1  (x  » V> 
k 

-2  jot 


(64) 


;2)(x,y) 

+ 

„  2 
^£i 

l 

_  ( 2 ) 
2pi  i 

III™ 

+ 

P(2! 

2poii 

k =  0  f  2  t 

3, 

,  4, 

7 

where  the  left  subscript  is  defined  by  the 
following  convention: 


lP‘2)  -  f.(  ♦ 
2?  ‘ 2 '  -  *2<2* 


(1)  . 
(2) 


,(2) 

1  ^ 

x<2)) 
ki  ' 


-1“' 


(65) 


Comparing  (64)  with  (63)  yields  the 
individual  pressure  terms  p(n' ,  dropping 
the  factors  el,  ej?e~3nwt  . 


.(1) 


Zeroth  Order 

(n=  0,  1=0,  m=0; 

hydrostatics) 

(0) 

P 

=  -  pg  y 

(66) 

First  Order 

3“ 

n 

— i 

I-* 

III 

o 

3 

II 

k=0,  2,  3,  4 

,  7;  hydrodynamics 

to  the  first 

order) 

.  ( 1  >  J 

=  3  +  < 

p-  pg  x]U  ,  k  =  3 
-  pg  x  x'n,  k  =  4 

(67) 

^"0  ,  k?5  3,  4 

Second  Order 

(n=2,  1=1,  m=1; 

hydrodynamics  to  the  second  order) 

a)  i=k=2,  3, 

4 

(2)  n  .(2) 

jP..  =  2j  pWl«4l 


( n  p  (1)2 

°-2;  »<  >• 


4:- 


—  (!)  2 

25  pg  y  x^  ,  i=4 


l  0  ,  i;M 

(2) 

pg  x Y  ,  i-3 


(68) 


( 2 )  „  ,  ( 2 )  .  .  ,  (1)  ,  (1)  . 

,P-»  3  2  3  -  0.5  p(  9.  9.  + 

lik  1  ik  Yir.  kn 

no, 

c)  1=2, •  3,  4;  k  =  0,  7 

,'!i’  ■ !)  -  °-5  »>  * 

CC’ .  «.s, 


(7)  ) 


d)  i,h=0,  7;  i  <  k 


p(2)  =  -  0.5  p(  4(1)4vn  +  4>(l,4>^))  (72) 

lrik  in  kn  is  xs 

e)  i=k=0,  7 

lPkk’  "  ~  °'25  p!  ^kl’2+  ^i2>  (?3> 

4 .  Second  Order  (n=0,  1=1,  m=1; 

quasi-hydrostatics  of  second  order) 


a)  i=k=2,  3,  4 

in  in  'is  is 


,p'2;  •  -  0.25  , 


0.5)  O.l.n101*!11  .  . * t0> , ; 1 >  >  „;■>  . 
i  in  i  is  i 


0.25  r,g  y  I  *  1 1  '\2  *  i  =  4 


0  ,  i/4 


p  g  ,  i=3 


(74) 


(2) 


2Poii  '  {  "Pg  *  Xo4  ^  '  1  =  4  (?5! 
^0  ,  it  3,  4 

b)  l,k=2,  3,  4;  i <  k 


,p(2>  =  -0.5  p(  4,<n  ?'U  ♦  ^(n?‘1!)  - 
lroik  Tin  kn  is  vks 

n  „  (0)-<l)  <0)-(1).  ( 1  ) 

-O.SjpuU  n  4  +  s  4>k  )  X  + 


lpoik 


c)  i=2,  3,  4;  k=0,  7 


as  -  a' 1!  7!15  *  A(i) a(1) ) 
■°-5  05  *in  4kn  +  *is  *ks  > 


-0 . 5 j  pw  ( 


{0)-(U 


.•'•'iil’*  *1" 


d)  i,k=0,  7;  i <  k 


,p(2l  =  -0.5  p{  i(1)jy)  +  $(1>?‘1))  (78) 

roik  M  m  kn  rls  rks 


e)  i=k=0,  7 


os  .,Afn7(1)  *  aHMM,  ,79) 
■25  p<$.  4Vn  +  4V„  'f’kg  >  (79) 


Jpokk  =  -°-25  pt*kn  *kn  +  *ks  *ks  ' 

In  these  expressions  £nto*  and  is*0*  denote 
the  direction  cosines  of  it  and  s  at  time 
t=0  with  ^n(°)  from  eq.  (23)  and 


x'  ,  i  =  2 

l.,0’-{y-L  i-3_ 

(xy - -  yx' )  ,  i  =  4 


3.4.2  Forces ,  Moment 


Integration  of  the  pressures  P  in  (61) 
over  the  wetted  body  contour  S(t)  leads  to 
the  hydrodynamic  forces  acting  on  the  body 
and  the  moment  about  the  origin  o 

F(t)  =-/  P  n  ds,  ... 

o-sltl 

H(t)  =  -  /  P(  r  x  n  )  ds,  r  =  (x-x,,y-x  ) 
S(t) 

By  means  of  Leibniz1 integration  rule  the 
integration  over  S(t)  may  be  reduced  to  an 
integral  over  the  wetted  contour  at  rest, 

S  ,  and  a  few  additional  terms  of  second  or¬ 
der  [7]  ,  [23]  : 


I(S(t);t.  )  =  J  i(s;t;c  !  ds  ■*  I 

K  C  * 

aO  /  r\  y  /  n  \ 


J  i  (5*  ^  *  £ 

°  <°5  n  „(0) 

R+  in+  “  R-  in- 


S+  =  -  0.2b  og  (x3  ' +  x  x4 


( 1  ’  -  ( 1 )  - 1  ( t  )  .  2 

'  *  +  X  v  “3  ajg  ^  J  ^ 


(y')"1e”23jt  -  0.25  Psix^1’*  x  x^11 


-j  ««"Vni!  (y')j‘  '34) 

where  the  subscripts  denote 

{  K  -  {  ^(x.y)" (0.5B.0) 

c  e  5 ) 

(  s  (  )j(x,y)  =  (-0.5B,0; 

The  transfer  model  for  the  hydrodynamic 
forces  and  moment  to  the  second  order  is  de¬ 
rived  by  substituting  the  pressures  (63) 
and  normal  vectors  from  (21)  to  (24)  into 
(81).  The  resulting  expression  is  of  ana¬ 
logous  form  to  (64) : 


jF(t,ck) 


p(°).  y  r  f(l)  -jwt 

l  Ck  jfk  °  + 


.  r  f<2) 
iCk  jfik  6 


E  £  <2> 

i  k  j  oik 


i,k  A  J  i,k  1  k  3  oik 

where,  in  accordance  with  (65) : 

f(2)  =  (2)  +  C2> 

i  ii  J»  ii  32  ii  (87 

f(2)  (2)  (2)  lB/ 

j  oii  jl  oii  j2  oii 

The  left  subscripts  denote  force  and  moment 
components,  respectively: 

rj=2,  h 

,(  )  =<  3  =  3,  V  (89) 

Lj=4 ,  M 

Collecting  terms  whose  common  factor  is 
e.1  eJJ1  e-Dnut  (if  m,  n=0 ,1,2;  i=2,3,4,‘ 
k=0,  2)  3,  4,  7)  the  individual,  components 
are  defined  by  the  following  expressions: 

1 .  Hydrostatics  (n=0,  1=0,  m=0) 

,F<0)  .  -  /  p(0>  n(0)dS  (89! 

J  e-  3 


2.  First-Order  Hydrodynamics 
(n=1 ,  1=0,  m=1 ) 


(1) 

(0) 

k 

3n 

(0) 

(l) 

.  n 

x)  'ds 

H  , 


3.  Second-Order  Hydrodynamics 
(n=2,  1=1,  m=1 ) 


f  5.2)  =  -  r 


°;Y  pk1>jn‘,>3'4l!|ds 

i  ofTM-  +  0.25°n*?)x'1)2)ds  (91) 

_ _ _  1_  £.  1  *»  J 


.  (0)  ,  (2)  ( 2 ) 


i  or  k=4 


i  =  k  =  4 
+  £<2> 

3‘R 

4 .  Second-Order  Quasi-Hydrostatics 
(n=0,  1=1,  m=1) 


f(2) 
3  oik 


r  n(2)  (0)  , 

/ .  p  . ,  .  n  d  s 

,  l  OIK  3 


,  !  2 )  (0). 

J ~p  , .  .n  ds 
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EI3S  . . . 


V - _2_ _ 


J  (2?,  ( 1 )  .2 


i  or  k  =  4  +  0.25.n;r' !x.'*T)ds  +  (92) 

3  0  14  J 

”  - V - 

i  =  k  =  4  +  f  C  2 ) 

j  OR 

(2)  (2) 

The  expressions  and  fqR  represent 

the  contributions  from  the  additional  inte¬ 
grals  (83)  to  (85)  which  approximate  the 
effects  of  the  actual  wetted  contour  S(t) 
deviating  from  S0. 

The  time-complex  expressions  for  pres¬ 
sures  p'n' ,  eqs.  (67)  to  (73)  ,  and  forces 
f'n* ,  eqs.  (90),  (91),  can  readily  be  con¬ 
verted  to  real  notation  for  ar.y  quantity 
aW,  whose  amplitude  and  phase  are  Aln>  , 
and  5 a'0*: 


(n) 


=  A*n*sin  (  nut  +  5*n') 
A 


A"'  =  !a<n)!  =  fRe2,>'n!^  -2  -•  -  <">  i  '■  <>  ■  5 


<n) 


-  ^  i  a  /  +  Im ^  •  a  )  i 


=  arc  tgf  Rejiair‘l  )/  (93) 


3.5  Body  Motions 

To  determine  the  unknown  motions  x . (t) , 
eq.  (14),  of  the  body  in  a  given  incident 
wave  the  equations  of  motion  must  be  taken 
into  consideration.  These  equations  serve 
to  determine,  in  a  second-order  sense,  the 
actual  motion  amplitudes,  hence  the  para¬ 
meters  (i-2,  3,  4),  and  further  any  other 
explicit  hydrodynamic  quantities  of  inter¬ 
est. 

Force  components  relate  to  the  inertial 
coordinate  system  o-x-y,  the  moment  is  taken 
with  respect  to  the  origin  5  of  the  coordi¬ 
nates  fixed  in  the  body.  Equating  hydrody¬ 
namic  pressure  forces  (moments) ,  subscript 
P  ,  to  inertia  forces  (moments) ,  subscript 
R  ,  in  the  equations  of  motion,  we  obtain: 


Mr  =  ~  x4  +<9+°x\>ynsin  xd) 


3*0 


with  x^(t)  from  (14)  and 


M  *  pB  A 

I44  =  /  /(x'  +  y2)  dm  =  k2  M 

y  =  M_1  /  /y  dm  ,  x  =  0 
6  A  G 


(99) 


The  expressions  in  (98)  can  be  developed  in¬ 
to  a  perturbation  expansion  to  the  second 
order  with  respect  to  c^,  using  x^tt)  from 
(14)  and  a  power  series  expansion  of  the  tri¬ 
gonometric  functions.  The  resulting  expres¬ 
sions  are  of  the  form 


<>,  -  *  •‘anBt 

n=  1 


(100) 


y  .  £  Y<n)  e-jnUt 

R  n  =  0  R 

=  £  M<n>  e-jnMt  ♦  M<2) 

R  ,  R  Ro 

n=l 

Substituting  (100)  and  (86)  to  (88)  into 
(94)  and  separating  terms  of  different  order 
(and  frequency)  the  following  sets  of  equa¬ 
tions  of  motion  are  obtained  for  motion  com¬ 
ponents  of  matching  order  (and  frequency) : 

1 .  Hydrostatics  (n=0) 


H<°>  =  0 

u(0)  -  Y(0) 
V  ~  1 R 

M(°>  =  0 


(101) 


2 .  Hydrodynamics  of  First  Order  (n=1) 
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+  v ) dm  , 

/ r  x(g; 

+  v)  dm 

M(I) 

7 
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k  =  0 

- 
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3.  Hydrodynamics  of  Second  Order  (n=2) 


with  Fp ,  Hp,  r  from  (81),  v  from  (10)  and 
A  =  body  cross  sectional  area. 

+  The  hydrodynamic  pressure  forces  Fp 
(Mp)  were  derived  in  3.4  except  for  the 
factors  Sj.  or  x>n' ,  respectively. 

The  inertia  forces  (moment)  are  de¬ 
fined  bf . 

F  e  X  X  +  Y  J  ,  H  =  It  H  (97) 

HR  R  R  R 

XR  =  M  ,V2  -  x°47gcos  x4  +  x27Gsin  *4) 

YR  =  M{g  +  -  x^y^sin  x^  -  x2yGcos  x^) (98) 
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4.  Quasi-Hydrostatics  of  Second  0rder(n=2) 


=  E  fl(2,)=  0 

i  ,  k  =0  °1K 

,  (2 ) 

=  2  V  ^ 2  *  =  0 
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i,k=0  °ik 

(2) 

=  E  H(2}  ~  ! 
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i,k-0  01K 

i«2> 
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(104) 


Exciting  forces  and  moment  are  made  dimen¬ 
sionless  by 


.(n) 


£<n>  i 

fci - ■  ■ 


fl.  i  =  2  ,  3 
«  ckb) _1 ,  i 


,  C_=  r— (109) 


,  .n  (kb!  '  i  =  4  7  b 

2  cgbd^c^ 

^  ( 1 )  \  ( 1 ) 

E  '  «  E  £'  (  from  (86)5  (110) 

k  =  0 , 7  K 

-o  j  2 )  4  7  -v  ( 2  ) 

E  '  =  E  E  .  (from  (86)  ,  (87))  (111) 

i=2  k  =  0  11 


The  first  set  of  equations,  (101),  concerns 
hydrostatic  effects  due  to  zeroth  order 
pressures,  corresponding  to  the  law  of  Ar¬ 
chimedes.  The  set  of  eqs.  (102)  consists  of 
the  first-order  differential  equations  for 
sway  and  roll  (coupled) ,  and  for  heave.  The 
unknown  parameters  e^(i=2,  3,  4),  defined 
in  eq.  (2) ,  can  be  derived  from  the  solution 
of  (102).  Eqs.  (103),  with  substituted, 
comprise  second-order  equations  of  motion 
for  coupled  sway-roll  and  for  heave,  and  are 
used  to  find  second-order  motion  amplitudes 
5^(2)  (frequency  2 ).  In  (104),  finally, 
time-independent  second-order  effects, 
called  quasi-hydrostatic,  are  present  and 
can  be  determined  using  the  from  the  so¬ 
lution  of  (102).  This  yields  the  so-called 
drift  components  ,  where  the  sway  drift 
x*~*  is  equated  to°zero,  by  virtue  of  an 
assumed  external  force  balancing  the  drift 
force. 

The  dynamic  equations  (102)  and  (103) 
can  be  written  in  dimensionless  form  as 
follows: 


E  xk  l-  n  (vb) ( (  yik  +  mlk  )  +  j  \_k  )d. 


‘v(n)  \y{n) 

Xi 

♦  c^’)  -  2,  3,  4 

(105) 

With:  A  =  A  b'2,  I  =  y  A,  X 

i(2>_  mu.  j;  M2y_  jiif  )(2i;  ;v<i)_, 

ik  ik  _  ik'  ik  ~  ik*  ik  ~  ik  -dik 
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24  =  “42  =*0-5  V  =44  =  °-5^*  ^’“44=0-5l44 


1SC!  “ik  "  °*  =  ik  =  °'  3ii  =  1 


(106) 


The  dimensionless  hydrodynamic  mass  and  dam¬ 
ping  in  (105)  are  defined  as 


The  solutions  to  (105),  which  is  of  the 
form 


r  ,Mn),  Mn)  £ !  n  5 
E  ta  ,  x  -  E 

k  =  2 

are  obtained  by  matrix  inversion 
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with 
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The  drift  components  (of  second  order)  x  , 
result  from  the  algebraic  set  of  equations 
(104) .  The  horizontal  drift  force  is  derived 
from  H*2'  (x^i  remains  indeterminate)  and 
may  becompared  to  llaruo's  results [34 1  from 
a  momentum  theory.  From  (86)  and  (87) ; 
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The  nondimensional  vertical  drift  is 
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and,  finally,  the  roll  drift  ("heel") 
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4.  NUMERICAL  RESULTS 

A  computer  program  [35]  has  been  deve¬ 
loped  to  numerically  evaluate  the  boundary 
value  problems  described  in  the  preceding 
sections  and  to  calculate  the  physical  quan¬ 
tities  derived  from  the  resulting  integral 
equations.  The  results  presented  in  the  fol¬ 
lowing  were  generally  obtained  with  N-2S 
discrete  panels  on  the  body  surface  Sc  and 
about  50  discrete  elements  in  the  free  sur¬ 
face  Sp  (second-order) .  The  free  surface 
disturbances  for  the  second  order  on  Sp  were 
evaluated  up  to  where  the  potentials  reached 
an  asymptotic  limit,  usually  no  more  than  9 
half-beams  away  from  the  body.  The  frequen¬ 
cy  range  was  10-:>5  (vb)  5  2.5  in  steps  of 

Mvb)=0.05. 

The  size  of  the  program  is  140  K  words 
on  a  CYBER  175  computer.  The  program  calcu¬ 
lates  in  one  pass  all  pertinent  hydrodyna¬ 
mic  quantities  (potentials,  pressures,  for¬ 
ces,  moments,  and  motions,  where  applicable) 
for  any  standard  problem  case  of  either 
first  order  (k=0,  2,  3,  4,  7)  or  second  or¬ 
der  (i=2,  3,  4,  k=0,  2.  3,  4,  7'.  Compila¬ 

tion  time  is  around  10  seconds  per  standard 
problem  case.  A  complete  evaluation  up  to 
the  second  order,  comprising  13  standard 
problem  cases  after  suitable  rearrangements, 
takes  about  1  minute  of  execution  time  per 
frequency. 

The  results  presented  in  Figs.  5  to  36 
(in  back  of  the  paper)  with  few  exceptions 
pertain  only  to  second-order  quantities. 

They  are  based  on  first-order  results,  which 
cannot  be  included  in  the  present  paper.  Nor 
does  space  permit  a  discussion  of  the  "irre¬ 
gular  frequency"  phenomenon.  Earlier  publi¬ 
cations  by  Papanikolaou  [8,  ,  [23]  ,  1 2 5] 

may  be  consulted  for  details  on  these  is¬ 
sues,  including  numerous  first-order  results 
for  different:  section  shapes  over  a  large 
frequency  range  [25]  . 

Figs.  5  to  12  compare  our  numerical  re¬ 
sults  for  calm  water  forced  heave  motions 
up  to  the  second  order  (problem  3833' in  Fig. 
2  or  eqs.  (38)  to  (46)  with  i=3,  k=3)  to 
available  experimental  data  from  Yaraashita 
l 15]  and  Tasai-Koterayama  [ 2d)  .  This  com¬ 

parison  is  intended  to  demonstrate  the  phy¬ 
sical  relevance  and  numerical  stability  of 
these  results.  All  forces  are  made  dimen¬ 
sionless  as  indicated  in  the  figures.  The 
assumed  heave  amplitudes  have  been  standar¬ 
dized  to  correspond  to  £3=1  or  xj'^=b.  Ne¬ 
gative  phase  anglesoare  always  plotted  with 
an  increment  of  360  . 

Fig.  5  for  the  triangle  of  B/'T=0.8  and 

-/2  (finite  flare)  demonstrates  encou¬ 
ragingly  good  agreement  between  theory  and. 
experiment  for  the  hydrodynamic  force  V33 
and,  with  some  allowance,  for  the  phase  an¬ 
gle  s^2' .  The  appreciable  phase  shift,  whicl. 
is  more  abrupt  in  the  measurements,  occurs 
at  frequencies  near  where  the  force  has  a 
minimum,  an  observation  made  here  for  the 
triangle,  although  in  the  linear  case  simi¬ 
lar  effects  are  familiar  from  several  other 


are  not  in  agreement  with  Yamashita's  mea¬ 
surements  regarding  the  absolute  level  al¬ 
though  both  show  a  similar  flat  tendency; 
we  are  uncertain  of  his  definition  of  this 
quantity. 

In  Fig.  6a  fine  Lewis  form  for  B/T=0.8 
and  8=0.5  (section  coefficient)  is  investi¬ 
gated,  Fig.  7  shows  the  ellipse  for  the  same 
B/T.  Hydrodynamic  and  steady  state  second- 
order  forces  show  excellent  agreement  with 
measurements.  The  phase  angles  agree  better 
for  the  ellipse;  for  the  Lewis  form  the  a- 
greement  improves  for  decreasing  motion  am¬ 
plitudes,  proportional  to  x,  as  one  must  ex¬ 
pect.  In  Fig.  8  for  the  ellipse  at  B/T=1.4 
all  results  are  in  very  good  agreement. 

Figs.  9  to  1 1  are  related  to  wider  sec¬ 
tions  (B/T=2.0)  of  different  fullness.  The 
triangle  shows  the  strongest,  the  U-shape 
the  weakest  nonlinear  effects.  This  appears 
reasonable  because  the  nonlinearities  should 
be  responsive  to  how  rapidly  the  section 
shape  changes  near  the  waterline .  For  the 
circle  in  Fig.  10  the  overall  agreement  in 
all  results  with  data  from  experiments  ap¬ 
pears  extraordinary.  The  minor  deviations 
that  do  exist  increase  with  t ,  but  remain 
acceptable  even  at  e=0.6. 

The  U-shape  (Fig.  11)  shows  some,  but 
not  much  grea’ er  scatter. 

It  is  of  interest  to  compare  the  steady- 
state  forces  in  Figs.  9  to  12  in  the  limit 
of  (vib)^0.  The  triangle  with  large  positive 
flare  in  the  waterline  produces  a  net  posi¬ 
tive  steady  ) xft  force,  circle  and  U-shape 
have  zero  flare  angles  and  a  vanishing  zero- 
frequency  steady  lift  force,  and  the  bulbous 
form  with  negative  flare  causes  a  small  ne¬ 
gative  steady  lift.  At  finite  frequencies 
the  steady-state  vertical  force  may  become 
positive  or  negative. 

The  results  for  the  bulb  (Fig.  12) 
should  be  viewed  with  caution  due  to  the 
very  large  c -values  in  the  experiments.  The 
magnitude  of  thr-  nonlinear  effects  is  rather 
small,  the  scatter  in  the  measurements  con¬ 
siderable,  and  comparisons  with  the  theory 
for  ~  up  to  1.917  are  of  questionable  value. 

In  Figs.  13  to  16,  for  a  Lewis  form 
(B/T=2.C,  8=0.94),  further  comparisons  of 
forced  motion  results  for  pure  sway,  heave, 
and  roil  as  well  as  coupled  sway-roll  mo¬ 
tions  (with  reference  to  standardized  para¬ 
meters  r^,  e  j.  =1 )  are  presented  relative  to 
data  from  Potash's  second-order  theory  [7]  . 
(Similar  comparisons  with  theories  by  other 
authors  are  also  found  in  [3]  ,  [9]  ,  [23]  )  . 

Fig.  13  relates  to  the  pure  sway  forced 
motion  problem  (3SJ2  in  Fig.  2) .  The  agree¬ 
ment  with  Potash  in  the  vertical  forces,  hy¬ 
drodynamic  and  steady-state  parts,  is  excel¬ 
lent.  These  can  be  calculated  from  first-or¬ 
der  potentials  exclusively.  The  second-order 
horizontal  forces  which  involve  second- 

order  potentials,  differ  appreciably  from 
Potash.  This  seems  due  to  a  deviation  in 
his  second-order  problem  formulation  [8] 
and  the  presence  of  irregular  frequency 
effects  in  his  results.  {2. 

For  heaving  (problem  )  in  Fig.  14 

the  hydrodynamic  force  vt2^  depends  on 
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second-order  potentials,  but  the  agreement 
remains  reasonable,  in  part  because  the 
heaving  irregularities  are  milder.  In  roll¬ 
ing  (Fig.  15,  problem  3S44J  the  hydrodyna¬ 
mic  nonlinear  effects  are  relatively  weak 
for  this  section  shape.  Fig.  16  illustrates 
the  second-order  effects  in  coupled  forced 
sway  and  roll  motions  (problem  3s||))  upon 
the  vertical  force  component.  This  encom¬ 
passes  the  second-order  effects  due  to 
first-order  disturbances  resulting  from 
coupled  sway  and  roll  motions.  Comparisons 
with  Potash's  results  are  problematic  be¬ 
cause  it  is  not  clear  whether  he  was  dea¬ 
ling  with  the  same  flow  subsystem.  (He  may 
have  included  the  problems  3S39'  and  3S4V 
simultaneously) . 

Figs.  17  to  19  present  the  steady-state 
forces  and  moments  acting  on  a  fixed  body 
in  a  wave.  These  results  stem  from  the  stea¬ 
dy-state  part  of  problem  gS*2’.  Those  investi¬ 
gations,  and  the  ones  that  follow,  were  per¬ 
formed  systematically  for  three  section 
shapes,  the  triangle  (6=0.5),  the  circle 
( 6= ”/4 ) ,  and  the  rectangle  (6=1.o).  Forces, 
moments  etc.  are  nondimensionalized  with  re¬ 
spect  to  wave  amplitude  I aw !  ,  as  customary 
in  the  literature. 

Fig.  17^concerns  the  horizontal  steady- 
state  force  Hojyi .  In  the  limit  of  (vb)~“> 
our  results  for  all  section  shapes  approach 
unity  in  agreement  with  Maruo's  [34]  analy¬ 
tically  derived  result  from  momentum  consi¬ 
derations.  The  quantity  H0(Jf'  ,  plotted  in 
dashed  lines,  expresses  the  considerable 
contribution  by  the  wetted  part  above  water 
(rest  integrals  in  eqs.  (83),  (84))  upon 
the  total  steady-state  force.  For  (vb)-  * 
this  term  tends  to  the  limit  of  2  sin  csjin 
agreement  with  [36]  .  The  contribution  made 
by  the  underwater  part  is  smaller  and  nega¬ 
tive,  che  sum  of  the  two  yields  the  net 
force. 

The  corresponding  vertical  steady-state 
forces  (Fig.  18)  are  negative  for  circle 
and  rectangle  (sinkage  force) ,  and  positive 
for  the  triangle  (lift) .  The  zero  frequency 
limit  of  this  force  is  zero  for  the  wall-si¬ 
ded  shapesjp  _=  ~/2)  and  equal  to  1  for  the 
triangle  (Vq|}7'  -  ctg  <,L=  ctg  s/4=1). 

The  steady-state  moments.  Fig.  19,  are 
negative,  that  is,  heeling  in  the  direction 
of  the  incident  wave. 

In  order  to  determine  the  influence  of 
the  motions  upon  the  hydrodynamic  second- 
order  contributions,  it  is  necessary  to 
solve  the  equations  of  motion  to  the  first 
order  (eq.  (105),  n=1)  to  start  with.  The 
results  are  required  to  solve  for  the  small 
parameters  (i=2,  3,  4)  in  terms  of  the 
initially  assumed  t-j  (eQ),  which  measures 
the  relative  size  of  the  incident  wave, 
using  eq.  (114).  The  first-order  excitation 
forces  for  a  circle  in  a  sine  wave  (5W=0) 
are  shown  in  Fig.  20.  Figs.  21  to  23  present 
the  corresponding  first-order  tiotion  ampli¬ 
tudes  xS  '  ;i=2,  3,  4),  where  the  results 
for  sway  and  roll  stem,  of  course,  from 
their  c* upled  equations  of  motion.  Near  re¬ 
sonance  all  amplitudes  are  considerable  be¬ 
cause  hydrodynamic  damping  is  small,  above 


all  in  roll,  unless  empirical  corrections 
are  made  to  allow  for  viscous  damping.  On 
the  basis  of  the  amplitude  results  we  may 
now  assign  some  bounds  to  the  and  limit 
the  wave  heights  accordingly  via  t~j  or  we 
may  assume  some  wave  height,  hence  ty,  de¬ 
termine  the  corresponding  values  of  ,  and 
avoid  frequencies  where  Sj  exceeds  a  speci¬ 
fied  limit,  especially  near  resonance. 

In  Figs.  24  to  28  some  first  results 
are  presented  describing  the  second-order 
forces  and  moments  which  result  from  the  se¬ 
cond-order  interactions  between  motion  poten¬ 
tials  and  the  combined  incident  wave  and  dif¬ 
fraction  potentials  ^S'2^  and  5S '2' subprob¬ 
lems  combined) .  These  results  take  into  ac¬ 
count  the  small  parameters  e^=f(vb)  of  the 
motions,  deduced  from  the  linear  response 
analysis  (eqs.  (105),  (114)).  The  curves  ex¬ 
hibit  some  more  or  less  pronounced  resonant 
peaks.  These  stem  mainly  from  the  behavior 
of  the  near  resonance,  modified  in  part 
according  to  the  basic  frequency  dependence 
of  the  second-order  hydrodynamic  forces.  The 
results  presented  here  are  still  a  function 
of  the  initially  assumed  parameter  cj. 

By  solving  all  standardized  subproblems 
of  the  system  and  associating  them  with  their 
pertinent  small  parameters  Pos" 

sible  to  assemble  all  contributions  of  se¬ 
cond-order  for  the  body  freely  oscillating 
in  the  wave.  The  steady-state  part  of  this 
summation  corresponds  to  the  so-called  drif¬ 
ting  forces.  Fig.  29  compares  horizontal 
drifting  forces  for  three  basic  section 
shapes.  The  results  are  credible,  except  near 
resonance.  Comparisons  based  on  Maruo's  fa¬ 
miliar  formulas  134]  give  similar  answers. 

The  asymptotic  limit  of  this  force  for 
(  vb)~  =°  should  be  one,  as  in  Fig.  17  for 
the  fixed  body,  because  the  motion  amplitudes 
go  to  zero  at  high  frequencies. 

Vertical  drifting  forces,  eq.  (116), 
are  shown  in  Fig.  30,  drifting  moments, 
eq.  (117),  in  Fig.  31.  Rectangle  and  triangle 
have  positive  vertical  drift  (lift)  for  most 
frequencies.  The  drifting  moments  are  nega¬ 
tive,  they  tend  to  heel  toward  the  wave. 
Masumoto’s  results  [10]  show  similar  tenden¬ 
cies. 

It  remains  to  solve  the  equations  of 
motion  of  the  second  order,  eq.  (1055 ,  n=2 . 
The  excitation  forces  of  second  order  ate 
obtained  from  eq.  (Ill)  by  summation  of  all 
second-order  hydrodynamic  terms,  which  are 
caused  by  the  motions  and  velocities  of  first 
order.  The  vertical  second-order  excitation 
forces  for  a  semi- circle  are  plotted  ir 
Fig.  32.  According  to  eqs.  (107),  (108),  n=2, 
the  second-order  hydrodynamic  mass  and  dam¬ 
ping  coefficients  for  heaving  have  been  made 
dimensionless  with  the  displaced  fluid  mass 
of  the  semi-circle,  as  usual.  The  curves  in 
Fig.  32  are  obtained  by  contracting  the  fre¬ 
quency  scale  c£  the  corresponding  first-or¬ 
der  curves,  which  are  familiar,  to  one  quar¬ 
ter  so  that  the  first-order  results  for 
(vb)=4  are  shifted  to  (vb)=1. 

The  motion  responses  of  the  heaving  cir¬ 
cular  cylinder  to  the  first  and  second  order 
are  presented  in  Fig.  33.  it  is  interesting 
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to  note  that  two  resonant  peaks  are  present 
in  the  second-order  heave  amplitudes,  one 
at  the  resonant  frequency  of  the  first-order 
system  which  tends  to  excite  the  second-or¬ 
der  system,  and  one  at  the  second-order  sys¬ 
tem's  own  resonant  frequency  which  lies  at 
about  one  quarter  of  the  first-order  reso¬ 
nance.  The  second-order  amplitudes  are  re¬ 
latively  small  compared  to  the  first-order 
values  in  this  instance.  This  need  not  to  he 
so  for  other  degrees  of  freedom. 

To  obtain  an  idea  of  the  relative  impor¬ 
tance  of  second-order  effects  in  forced  hea¬ 
ving  motions  we  may  compare  the  curves  in 
Fig.  34.  They  represent  the  ratio  of  second- 
to  first-order  force  amplitudes  for  a  hea¬ 
ving  circular  cylinder  as  a  function  of  the 
amplitude  parameter  £3.  The  agreement  be - 
tween  calculated  results  and  experimental 
data  from  Tasai  and  Koterayama  l 20}  is  very 
good.  Only  at  higher  frequencies  and  ampli¬ 
tudes  (c)  do  some  differences  develop.  Vis¬ 
cous  effects  as  a  possible  reason  for  part 
of  rhese  differences  at  higher  frequencies 
are  discussed  in  l 20]  . 

A  comparable  diagram  for  heave  excita¬ 
tion  forces,  second-  to  first-order  ratio, 
for  a  semi-circular  cylinder  oscillating  in 
a  wave  is  given  in  Fig.  35.  This  ratio  de¬ 
pends  directly  on  t-j,  i.e.,  the  relative 
size  of  the  incident  wave  to  the  body  dimen¬ 
sions.  The  nonlinear  influence  on  this  quan¬ 
tity  has  a  peak  at  some  intermediate  fre¬ 
quency  where  larger  motions  are  present  due 
to  resonance. 

The  time-dependence  of  the  heaving  mo¬ 
tion  of  a  circular  cylinder  in  a  "standard" 
wave  (e-=i),  approximated  to  the  first  and 
second  order,  is  shown  in  Fig.  36  ,  together 
with  the  second-order  steady-state  term.  The 
frequency  (  v  b)  of  0.25  corresponds  to  a 
peak  in  the  second-order  effects  (Fig.  33) . 
The  nonlinear  effects  are  not  dramatic,  but 
noticeable.  Amplitudes  are  about  15%  grea¬ 
ter  than  in  the  linear  analysis  and  a  stea¬ 
dy  lift  effect  is  present.  The  result  con¬ 
firms  why  for  a  shape  like  the  circle  line¬ 
ar  theory  has  been  so  successful  in  practice 
whenever  heaving  motions  and  waves  are  rea¬ 
sonably  small.  That  nonlinear  effects  upon 
vertical  loads  (and,  of  course,  local  pres¬ 
sures)  can  be  much  more  substantial  in  cer¬ 
tain  frequency  ranges  will  be  appreciated 
from  Figs.  34  and  35. 

Although  we  have  not  yet  examined  mo¬ 
tions  in  other  degrees  of  freedom  by  the 
current  method,  we  would  also  expect  signi¬ 
ficant  hydrodynamic  nonlinearitl«=-s  in  near¬ 
resonant  roll,  coupled  with  sway,,  in  view 
of  the  associated  large  roll  amplitudes. 

5.  CONCLUSIONS 

By  means  of  an  approach  based  on  non¬ 
linear  system  dynamics  and  nonlinear  hydro- 
dynamic  theory  it  has  been  possible  to  de¬ 
velop  a  complete  second-order  theoretical 
model  for  the  motions  and  hydrodynamics  of 
a  cylindrical  body  of  arbitrary  cross  sec¬ 
tion  in  a  regular,  second-order  incident 
wave.  A  crucial  first  star  is  the  decompo¬ 


sition  of  the  total  second-order  flow  system 
into  a  set  of  nonlinear  subsystems  compri¬ 
sing  the  second-order  equivalents  of  the  fa¬ 
miliar  forced  motion,  incident  -wave,  and 
diffraction  flow  systems, but  also  their  mu¬ 
tual  second-order  interaction.  Perturbation 
theory,  using  several  small  parameters,  has 
then  been  applied  systematically  to  derive 
a  complete  set  of  first-  and  second-order 
linear  subsystems  of  the  flow.  These  systems 
together  form  the  basis  for  developing  a  se¬ 
cond-order  transfer  model  of  the  dynamic 
problem. 

The  equations  of  motion  have  been  de¬ 
rived  to  the  second  order  with  all  hydrody¬ 
namic  couplings  present.  They  include  first- 
order  terms  of  incident  wave  frequency  B , 
and  second-order  terms  of  frequency  2  a  as 
well  as  a  time-independent  expression.  All 
system  responses  are  of  the  same  basic  form. 

On  the  basis  of  this  theoretical  model 
a  numerical  solution  method  has  been  deve¬ 
loped  using  an  integral  equation  formulation 
for  a  Robin  type  problem  and  a  close-fit  dis¬ 
cretization.  The  fact  that  all  problems, 
with  one  trivial  exception,  were  of  the  same 
boundary  value  type,  that  is,  radiation 
problems,  paved  the  way  for  a  unified  calcu¬ 
lation  procedure  for  all  subproblems. 

Numerical  calculations  were  performed 
for  a  variety  of  section  shapes  over  a  wide 
frequency  range.  These  calculations  included 
some  samples  of  each  of  the  major  subproblem 
types.  No  insurmountable,  fundamental  obsta¬ 
cles  were  found  in  the  path  of  the  numerical 
calculations. 

In  those  relatively  scarce  cases 
(forced  motions)  where  comparison  with  expe¬ 
rimental  results  was  possible  the  agreement 
in  second-order  effects  was  generally  bet¬ 
ween  good  and  excellent.  For  the  heaving 
semi-circle,  for  which  most  experimental 
data  are  available,  the  agreement  is  out¬ 
standing,  for  sections  with  flare  it  is 
slightly  worse. 

The  evaluation  of  drift  forces  as  a 
second-order  phenomenon  is  possible  from 
subproblems  of  the  system.  The  results  ob¬ 
tained  show  good  agreement  with  other  theo¬ 
ries. 

The  response  of  the  system  can  be  eva¬ 
luated  by  assembling  the  results  of  all 
f irsc-  and  second-order  subproblems  into  the 
equations  of  motion  with  small  parameter 
values  assigned  to  each  case  on  a  physical 
basis.  The  overall  transfer  model  is  based 
on  frequency  domain  techniques  because  the 
linear  subproblems,  of  which  the  system  con¬ 
sists,  all  have  frequency  domain  transfer 
functions.  This  possibility  evidently  has 
significant  practical  advantages  over  time- 
domain  solutions. 

Investigations  of  the  type  reported 
are,  of  course,  only  a  prelude  to  develo¬ 
ping  a  systematic  understanding  of  nonli¬ 
near  ship  motions  in  a  nonlinear  irregular 
seaway.  We  feel,  however,  that  the  remaining 
open  questions,  despite  their  great  funda¬ 
mental  complexity,  show  a  certain  promise 
today  of  gradually  being  amenable  to  higher- 
order  analysis  via  the  frequency  domain  by 


suitable  extension  of  bi-spectral  analysis 
and  generalized  three-dimensional  flow  ana¬ 
lysis  methods. 
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Discussion 


F.  Tasai  and  W.  Koterayama  (Kyushu  Uruv ' 


The  Writers  would  like  to  congratulate 
the  Authors  on  this  very  interesting  and 
valuable  paper  and  would  be  most  grateful 
if  they  be  kind  enough  to  comment  on  a 
few  points. 

1.  Which  boundary  condition  has  the  larger 
effect  on  the  second-order  force,  the 
free-surface  condition  or  the  body-sur¬ 
face  one  ? 

2.  The  results  of  the  forced  heaving  tests ' 
indicate  that  the  first-order  forces_and 
the  amplitudes  of  progressive  waves  A  3 
depend  on  the_amplitude  parameter  e 3. 

For  example,  A 3  tends  to  decrease  with 
an  increase  in  £3.  Can  these  phenomena 
be  explained  with  this  theory  ? 

3.  In  Fig. 17  and  29,  the  horizontal  drift¬ 
ing  forces  H0t2>  are  greater  than  unity 
at  a  certain  frequency.  By  Maruo's 
theory,  the  nondimensionalized  drifting 
forces  don't  become  larger  than  unity. 
Did  you  compare  your  calculated  results 
with  those  by  Maruo's  theory  ? 


H.  Mamo  (Yokohama  N  Umv.) 

In  this  paper,  the  authors  have  devel¬ 
oped  a  general  method  of  computing  second- 
order  hydrodynamic  forces  on  a  cylindrical 
body  oscillating  with  three  degrees  of  free¬ 
dom  on  waves  of  large  amplitude.  The  com¬ 
putation  program  seems  to  be  very  useful 
for  the  assessment  of  the  lateral  oscilla¬ 
tion  of  a  ship  in  beam  seas  where  the  motion 
amplitude  is  liable  to  be  large  so  that  the 
non-linearity  in  the  motion  is  no  longer 
negligible.  One  problem  which  I  wish  to 
point  out  is  the  fact  that  the  theory  upon 
which  the  computation  method  is  based  is  a 
perturbation  analysis  in  any  case.  The 
boundary-value  problem  is  formulated  on  the 
body  surface  at  its  average  position.  It 
is  suspected  that  the  perturbation  theory 
may  present  some  difficulty  in  order  to  take 
account  of  the  change  of  shape  of  the  wetted 
portion  with  time  which  is  liable  to  become 
large  in  the  case  of  rolling.  A  question 
is,  to  what  extent,  is  the  perturbation 
analysis  applicable  at  large  motion  ampli¬ 
tude  ? 


C.M.  Lee  ( DTt'SROC ) 


The  authors  have  completed  the  second- 
order  solution  for  freely  floating  two- 
dimensional  bodies  subject  to  beam  waves. 


As  a  previous  pursuer  of  the  same  kind  of 
problem,  I  can  fully  appreciate  the  pains¬ 
taking  patience  the  authors  must  have 
required  during  the  course  of  this  work, 
particularly,  in  keeping  the  orders  of 
magnitude  consistent.  I  congratulate  the 
authors  for  this  excellent  milestone  work. 

I  have  to  confess  that  I  did  not  have 
the  patience  to  check  every  equation  in 
this  paper;  however,  with  regard  to  the 
passage  concerning  the  irregular  frequen¬ 
cies,  I  have  the  following  suggestion. 

This  suggestion  may  only  apply  if  the 
authors'  statement*  at  the  end  of  the 
Section  3.2  has  been  the  main  reason  that 
they  have  not  used  the  technique  for  re¬ 
moving  the  irregular  frequencies  described 
in  [28]  through  [30] . 

If  we  let  f'n'  be  the  solution  for  the 
boundary-value  problem  given  by  Equation 
(51)  except  for  the  body-boundary  condi¬ 
tion,  then  let 

.  (n)  _  (n)  ,(n)  ,  ,  _ 

h  =  c  -  f  ,  (x,y)  e  D 

such  that 

F(n£j>)  (n(n)  }  =  0,  { x , v )  6  S„ 

r 

Bih(n)}  =  R(n)  -  ±  f(n),  (x,y)€  So 

and  the  rest  of  the  boundary  conditions 
remain  the  same  as  in  Equation  (51) . 

Since  the  new  boundary-value  problem 
for  h'n'  is  identical  with  the  first-order 
problem,  one  of  the  techniques  in  [28]  - 
[30]  should  resolve  the  problem  of  indefi¬ 
nite  solution  at  the  irregular  frequencies. 
I  would  think  such  an  approach  would  save 
the  computer  time  more  significantly  than 
the  interpolation  method  used  in  this 
paper. 

As  to  the  solution  for  f'“',  one  can 
find  the  expression  in  Equations  (21,22) 
of  "Surface  Waves"  by  Wehausen  and  Laitone 
in  which  the  expression  should  be  for  -f(n). 
When  L'n)  is  nondecaying  at  |x|  ~  »  but 
behave  as  ejnVi;i  j  the  solution  is  given 
in  my  earlier  work  [21] . 


Author’s  Reply 


A.  Papanikolaou and  H.  Nowacki ; rc-cft  t/wv  Ssihm 


We  would  like  to  thank  all  discussers 
for  their  valuable  comments. 

Professors  Tasai  and  Koterayama  have 


*  Quote;  But  it  must  be  mentioned  that 
purely  analytical  methods  for  this  purpose 
have  not  yet  been  extended  to  second-order 
situations  with  inhomogeneous  free  surface 
boundary  conditions. 
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raised  three  interesting  questions.  In 
response  to  the  first  one,  it  is  difficult 
to  give  a  general  answer  because  the  re¬ 
lative  importance  of  the  body  and  free  sur¬ 
face  boundary  conditions  depends  on  section 
shape,  frequency  parameter,  and  upon  which 
second-order  subproblem  is  discussed. 

In  many  situations  the  body  boundary  con¬ 
dition  and  the  free-surface  condition  must 
be  regarded  as  being  of  equal  importance. 

Second,  our  perturbation  expansion 
does  not  show  any  effect  of  the  small  pa¬ 
rameter  £3_on  the  linear  heave  damping  co¬ 
efficient  A3,  which  is  consistent  with  the 
assumptions  of  linear  theory.  We  appreci¬ 
ate,  however,  that  a  different  situation 
may  exist  in  analysing  test  results,  where 
the  subdivision  of  measured  forces  into 
contributions  from  different  orders  and 
frequencies  does  depend  on  the  assumed 
orders  in  the  evaluation  model .  For  ex¬ 
ample,  if  a  second-order  evaluation  model 
is  assumed,  but  is  not  adequate  to  repre¬ 
sent  the  measured  effects,  this  may  show 
up  in  a  "false"  dependence  of  Aj  on  cj. 
However,  such  dependence  may  also  have 
other  reasons  not  accounted  for  in  second- 
order  potential  theory,  notably  viscous 
effects. 

Third,  our  drifting  forces  have  been 
calculated  from  near-field  potentials  by 
integration  of  second-order  pressures  over 
the  actually  wetted  body  contour,  whereas 
Maruo's  theory  [34]  is  based  on  far-field 
linear  incident  wave  considerations.  Our 
Fig. 29  pertains  to  the  horizontal  drifting 
force  on  an  unconstrained  body.  Fig. 17 
holds  for  a  fixed  body.  In  the  former  case 
the  nondimensional  drift  force  values  for 
the  rectangle  far  exceed  unity  in  a  certain 
frequency  range,  which  is  due  to  a  resonant 
motion  situation.  As  stated  in  the  paper, 
the  results  near  resonance  must  be  viewed 
with  caution  because  of  the  considerable 
magnitude  of  the  small  motion  parameters. 

It  also  remains  to  be  examined  in  which 
way  Maruo's  theory  must  be  applied  to  this 
situation.  For  the  fixed  bodies  investi¬ 
gated,  only  the  rectangle  has  a  nondimen¬ 
sional  drifting  force  slightly  greater  than 
one.  It  must  be  noted  that  the  reference 
quantity  used  for  plotting  the  drifting 
forces  is  0.5fg-a£,,  corresponding  to  the 
kinetic  energy  of  a  linear  wave  of  ampli¬ 
tude  aw.  In  reality  the  kinetic  energy 


of  our  second-order  wave  also  includes 
second-order  contributions,  which  must  be 
taken  into  account  in  any  direct  compari¬ 
sons  with  results  derived  from  Maruo's 
theory.  It  may  be  noted  that  some  experi¬ 
mental  results  also  indicate  the  possibil¬ 
ity  of  horizontal  drifting  forces  exceed¬ 
ing  unity. 

Professor  Maruo's  remarks  remind  us 
of  the  basic  limitations  of  the  perturba¬ 
tion  method.  It  lies  in  the  nature  of 
this  method  that  the  boundary  conditions 
on  any  free  or  moving  boundaries  are  met 
approximately  by  Taylor  series  expansions 
about  their  positions  at  rest.  This  is  why 
we  have  stated  in  the  paper  that  a  second- 
order  theory  is  apt  to  be  valid  for  mouer- 
ate  motion  amplitudes  and  moderate  wave 
heights.  When  these  limits  are  exceeded 
depends  on  section  shape  and  frequency  pa¬ 
rameter.  The  present  second-order  extends 
these  limits  relative  to  linear  theory  by 
allowing  for  second-order  hydrodynamic 
effects  and,  in  particular,  for  the  exist¬ 
ing  flare  angle  in  the  waterline. 

We  are  grateful  for  Dr. Lee's  comments 
based  on  his  long  experience  with  the  pres¬ 
ent  problem.  His  suggestion  to  transform 
the  second-order  subproblems  to  a  homogene¬ 
ous  form  equivalent  to  that  of  the  first- 
order  problems,  in  order  to  be  able  to  rely 
on  the  well-known  analytical  methods  for 
alleviating  the  irregularity  problem  is 
well  conceived  and  should  certainly  be  fea¬ 
sible.  However,  this  would  be  at  the  ex¬ 
pense  of  having  to  solve  two  boundary  value 
problems  instead  of  one  for  every  second- 
order  subproblem  under  discussion.  In  our 
experience,  purely  numerical  schemes  for 
the  same  purpose  have  worked  very  reliably 
for  the  first  as  well  as  for  the  second 
order.  It  may  be  added  that  we  have  also 
investigated  analytical  and  semi-analytical 
methods  for  dealing  with  the  irregularity 
broblem[8),  [23],  which  have  worked  quite 
adequately,  too,  although  they  only  shift 
the  irregularity  to  some  other  frequency, 
which  may  still  lie  in  the  range  of  inter¬ 
est,  particularly  for  the  second-order 
problem.  Finally  it  is  important  to  note 
that  the  severity  of  the  irregularity  phe¬ 
nomenon  is  much  reduced  by  using  the  Helm¬ 
holtz  integral  equation  formulation  with 
the  potential  as  unknown  function. 
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ABSTRACT 

The  characteristics  of  nonlinear  waves 
around  ships  are  experimentally  studied. 
These  waves  generate  lines  of  discontinuity, 
and  the  abrupt  velocity  change  across  the 
wave  front  satisfies  the  shock  relation. 

A  kind  of  shock  wave  occurs  around  ships  in 
translational  motion  in  deep  water  in  the 
fame  manner  as  it  does  in  compressible  fluid 
and  shallow  water  flow.  The  characteristics 
can  be  analogically  explained  by  the  non¬ 
linear  shallow  water  theory,  introducing 
equivalent  shallow  water  depth.  The  exist¬ 
ence  of  this  nonlinear  waves  produces  a  deal 
of  influence  on  the  flow  around  ships  and 
on  ship  resistance.  The  role  of  the  non¬ 
linear  waves  in  the  inviscid  resistance 
component  of  ships  and  their  effect  on  lin¬ 
ear  dispersive  waves  are  discussed. 

1.  INTRODUCTION 

Linear  wave  resistance  theories  based 
on  the  works  of  Kelvin,  Michell  and  Havelock 
have  contributed  to  the  improvement  of  hull 
form  design,  and  as  a  consequence,  to  energy 
saving  for  more  than  twenty  years.  However, 
there  exist  significant  discrepancies 
between  experimental  facts  and  explanations 
by  these  theories  or  improved  versions  [2] . 
In  case  the  discrepancies  remain  quan¬ 
titative  and  one  can  obtain  sound  qual¬ 
itative  information  from  the  linear  theories 
the  theories  can  continue  to  contribute  to 
industrial  purposes.  In  many  cases,  however, 
linear  wave  resistance  theories  turn  out  to 
be  powerless  neither  quantitatively  nor 
qualitatively  depending  on  the  hull  partic¬ 
ulars. 

It  is  a  popular  opinion  that  the  defect 
of  wave  resistance  theories  developed  so  far 
is  originated  from  the  linearization  of  the 


problem  and  nonlinearity  should  be  taken 
into  account.  The  nonlinearity  can  be  clas¬ 
sified  into  two  kinds.  One  is  ,so  to  speak, 
nonlinear  effect  on  linear  waves,  in  which 
governing  equation  is  Laplace  equation. 

The  other  is  nonlinearity  in  characteristics 
of  waves,  which  is  governed  by  a  nonlinear 
partial  differential  equation,  u.  ear  and 
nonlinear  waves  both  have  opportunity  to 
occur.  The  former  nonlinearity  is  treated 
in  the  framework  of  the  linear  wave  theory, 
while  the  problem  concerned  with  the  latter 
nonlinearity  is  to  treat  nonlinear  waves 
themselves.  Most  of  the  improved  wave 
resistance  theories  recently  developed  take 
the  former  nonlinearity  into  account  to  some 
extent.  For  example,  one  of  the  most 
general  method  is  one  by  Gadd{8]  who  has 
proposed  a  Rankine  source  nethod  in  which 
Laplace  equation  is  solved  under  the  non¬ 
linear  free  surface  condition.  As  is 
commonly  recognized  in  high-speed  aerodynam¬ 
ics  and  shallow  water  flow,  the  nonlinearity 
often  plays  a  decisive  role  in  the 
characteristics  of  waves  and  in  fact  non¬ 
linear  waves  called  shock  waves  occur. 

The  appearance  of  nonlinear  waves  around 
ships  in  deep  water  was  first  pointed  out 
hy  Baba [11],  which  have  been  called  wave 
breaking.  However,  breaking  of  waves  will 
not  be  the  essence  of  nonlinear  waves  in  the 
near-field  of  ships.  The  nonlinearity  will 
consists  in  much  more  comprehensive 
characteristics  of  waves.  Occurrence  of 
shock  waves  will  not  be  a  marvel  for  ships 
in  translational  motion. 

The  author  has  experimentally  clarified 
the  nonlinearity  of  waves  in  the  near-field 
and  found  out  that  a  kind  of  shock  wave 
occurs,  which  is  named  as  free  surface  shock 
wave  in  1977.  Consequently , the  basical  non¬ 
linearity  must  be  examined  in  detail  for  the 
development  of  resistance  theories  for 


ships.  In  this  paper,  clarification  of  the 
characteristics  of  nonlinear  waves  and  their 
effects  on  linear  dispersive  waves,  wave 
resistance  and  hull  form  improvement  are 
discussed . 

In  Fig.  1,  a  wave  pattern  picture  of  a 
full-scale  passenger  boat  is  shown,  in  which 
wave  systems  which  are  entirely  different 
from  Kelvin  pattern  are  obvious.  Following 
the  discussion  on  the  limitation  of  linear 
theories  in  chapter  3,  the  nonlinearity  of 
the  waves  is  clarified  with  a  deal  cf 
experimental  results  with  a  simple  :«-del 
ship  in  chapter  4.  The  nonlinear  waves  have 
characteristics  that  allow  us  to  call  them 
"free  surface  shock  waves".  Therefore,  as 
one  imagines,  the  characteristics  are  very 
similar  to  nonlinear  shallow  water  waves. 

In  chapter  5,  the  analogy  to  nonlinear 
shallow  water  waves  and  application  of  the 
nonlinear  shallow  wave  theory  are  discussed 
through  experiments  with  wedge  models.  In 
chapter  6  and  7,  effects  of  the  nonlinear 
wave  (free  surface  shock  wave)  on  resistance 
components  and  on  linear  dispersive  waves 
are  discussed.  The  nonlinear  waves  directly 
render  resistance  to  ships  as  momentum  loss 
and,  at  the  same  time,  they  indirectly  in¬ 
fluence  resistance  by  deformation  of  the 
dispersive  waves.  The  nonlinear  waves  at 
the  stern  and  a  new  practical  method  to 
reduce  waves  at  the  stern  are  described  in 
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chapter  8.  Characteristics  of  nonlinear 
waves  are  re-examined  in  wide  range  of 
velocity  in  chapter  9. 

2.  NOMENCLATURE 

A*  (e)  weighted  amplitude  function 
B  beam  length  of  ship 

c  critical  speed 

Cw  wave  resistance  coefficient  derived 
from  towing  test 

Cwp  do  derived  from  wave  analysis 
d  draft  cf  ship 

pn  Froude  number  based  on  L 

Fh  do  based  on  hi 

FT,  dp  based  on  hi 

g‘  acceleration  of  gravity 

h  shallow  water  depth 

TTJ  equivalent  shallow  water  depth 

H  total  head  behind  ship 

do  ahead  of  ship 

L  length  between  perpendiculars 

p  pressure 

o  velocity  in  x-y  plane 

P.m  resistance  measured  as  momentum  loss 

Rv  viscous  resistance  =  S/q (1+k) 

Rw  wave  resistance  derived  from  towing 

test 

Rw p  do  derived  from  wave  analysis 

u,v,w  disturbance  velocity  in  x,y,z-direc- 

ticn,  respectively;  u  includes  uniform 
velocity  in  cnapter  5 
0  ,  v  velocity  of  uniform  stream 
x  axis  carailel  to  ship  centerline, 

aftward  positive 

y  axis  parallel  to  ship  beam 

2  axis  vertical,  upward  positive 

a  entrance  angle 

S  shock  angle 

C  wave  height 

subscripts 

1  ahead  cf  shock  front 

2  behind  shock  front 

n  normal  to  shock  front 

i  tangential  to  shock  front 


3.  LIMITATION'  OF  LINEAR  THEORIES 


3,1  Wave  Pa 


Pictures  of  Model  Shins 


Fig.l  Wave  pattern  of  a  full-scale  passenger 
boat  (from  Ships  of  the  World} 

Table  1  Principal  particulars  of  model  shins 


The  legitimacy  of  theories  must 
guaranteed  by  real  physical  phenomena 
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Fig. 2  Wave  pattern  picture  of  a  simple  model 
WM2  (d  =  6cm,  r n  =  0.22) 


Fig. 3  Have  pattern  Picture  of  M34 
IFn  =  0.333) 


wave  height  is  steep  rather  than  wave  height 
itself. 

Three  examples  are  shown  in  Figs. 2, 3  and 
4.  The  principal  particulars  of  model  ships 
are  shown  in  Table  1 .  One  can  clearly 
notice  that  the  wave  systems  in  the  neigh¬ 
borhood  of  the  models  are  not  similar  to 
Kelvin  pattern,  or  rather,  they  are  similar 
to  shock  waves  in  compressible  fluid.  The 
lines  of  wave  crest  originated  from  the  hull 
surface  are  usually  convex  and  their  angles 
to  the  center  line  of  the  ship  varies 
depending  on  the  hull  particulars,  advance 
velocity  and  so  forth. 

Wave  pattern  pictures  at  the  University 
of  Tokyo  are  present  in  references (1) ,  [2), 

[3j  and  [5] ,  which  lead  us  to  the  same  intu¬ 
itive  understanding  of  real  wave  making  as 
mentioned  above. 

3.2  Discrepancies  between  Theor 
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Discrepancies  are  outstanding  between 
what  wave  resistance  theories  so  far  devel¬ 
oped  indicate  and  what  experimental  results 
show  in  the  form  of  resistance  force,  wave 
height,  disturbance  velocity  and  so  on. 

The  discrepancies  are  both  qualitative  and 
quantitative,  which  have  seldom  been  expe¬ 
rienced  in  other  fields  of  hydrodynamics. 
Some  comparisons  between  calculated  wave 
resistance,  measured  wave  resistance  by  tow 
ing  test  and  by  wave  analysis  are  shown  in 
Figs. 5,  6  and  7.  Wave  resistance  is  cal¬ 
culated  by  Michell's  approximation  in  Fig. 5 
and  by  the  low  speed  theory  in  Fig. 7. 
General  tendency  of  discrepancies  are  as 
follows. 
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Fig. 5  Have  resistance  curves  of  KHl-C 
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Wave  pattern  picture  of  M41 
{Fn  =  0.267) 


development  of  the  bulbous  bow  by  Inui  would 
not  have  been  successful  without  the  aid  of 
experimental  analyses.  At  the  experimental 
tank  of  The  University  of  Tokyo,  measurement 
of  wave  height  for  two-dimensional  wave 
contours  and  photographing  wave  pattern  have 
been  routine  techniques  of  experiment  for 
long  years.  The  former  presents  quan¬ 
titative  information  of  wave  height  and  the 
latter  qualitative  one.  Wave  pattern  pic¬ 
tures  by  the  latter  technique  have  property 
to  intensify  the  lines  on  which  gradient  of 


Fig. 6  Wave  resistance  curves  of  WM1-B 
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Fig. 7  Wave  resistance  carves  of  M43  varing 
draft 

13  Calculated  wave  resistance  curve  shows 
conspicuous  hunp.i  and  hollows,  while 
measured  one  shows  only  slight  humps  and 
hollows.  This  cannot  be  settled  by  the 
attempt  to  take  viscous  effect  into 
account . 

2}  The  wave  oattern  resistance  (Cap)  is 

smaller  than  the  wave  resistance  derived 
from  towing  test  (Cw)  without  exception. 

3)  A  hump  or  a  hollow  in  Cw  curve  cannot 
always  be  observed  in  Cap  curve. 

4)  Discrepancy  between  Cw  and  Cap  is 
significant  in  the  velocity  range  of 
Fr.<0 . 35 . 

Taking  these  results  coolly,  one  will 
not  be  able  to  attribute  the  discrepancies 
to  the  minor  defects  that  linear  wave  making 
theories  have  cherished.  Cr  rather,  they 
should  be  attributed  to  the  new  physical 
phenomena,  which  have  been  out  of  the  scope 
of  linear  wave  resistance  theories  for  ships. 

4.  VERIFICATION  OF  THE  EXISTENCE  OF  FREE 
SURFACE  SHOCK*  WAVES 

4.1  Distribution  of  Disturbance  Velocity 
around  a  Simple  Model 

The  characteristics  of  nonlinear  waves 
have  been  clarified  by  measurement  of 
disturbance  velocity.  The  simple  model  WM2 
has  been  selected  for  tested  model  whose 
second  nonlinear  wave  is  intense  on  the 
condition  of  d=6cm  and  Fn=0.22  as  is  shown 
in  Fig. 2.  A.  five  hole  pitot  tube  whose 
diameter  of  the  head  is  6mm  and  a  precise 
position  setting  equipment  are  utilized  for 
this  purpose.  Contours  of  measured  wave 
height  in  the  vicinity  of  the  crest  of  the 
second  nonlinear  wave  are  shown  in  Fig. 8,  in 
which  one  can  recognize  the  straight  line  of 
the  wave  front  and  the  steep  slooe  of  the 
wave  height  along  the  line.  Velocity  measur¬ 
ing  DOir.ts  are  shown  by  circles  in  this 
figure.  Velocities  are  measured  on  the  two 
surfaces  below  the  disturbed  free  surface  by 
lOmra  and  30ran  for  all  points,  and  additional 
two  surfaces  below  the  disturbed  free  surface 
by  50mm  and  70mm  for  selected  points. 
Therefore,  the  measuring  surfaces  are  curved 
ones. 

The  measured  velocities  are  figured  in 
three  forms,  i.e.,  disturbance  velocity  in 
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Fig. 8  Pave  contours  in  the  near-field  of 
the  second  free  surface  shock  wave 
and  no i nts  for  velocity  measurement 
(WM2,  d  =  6cm,  F  =0.22) 
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Fig. 9  Horizontal  components  of  disturbance 
velocity  {A3 
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Fig. II  Components  of  disturbance  velocity 
in  y-z  plane 


and  Y-2  Dianes  and  lateral  distribution 
of  disturbance  velocity,  as  are  shown  in  fig¬ 
ures  from  Fig. 9  to  Fig. 14.  The  characteris¬ 
tics  of  the  second  nonlinear  wave,  which  is 
the  reoresentative  of  all  the  nonlinear  waves 
in  the  neighborhood  of  ships,  can  be  sum¬ 
marized  as  follows, 

1)  Change  of  velocity  across  the  wave  front 
is  abruot.  The  steepness  of  velocity 
change  cannot  be  expressed  by  linear* 
theories,  on  which  some  examples  are 
shown  in  {2] . 

2)  The  abrupt  change  of  velocity  is  ?o 
steeo  as  to  form  a  line  of  discontinu— 
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Fig. 12  Lateral  distribution  of  disturbance 
velocity  at  S.S.  V12 
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Fig. 14  same  as  Fig. 13  (B) 


ity. 

3}  The  disturbance  velocity  vectors  behind 
wave  front  on  the  surface  adjacent  to 
free  surface  are  normal  to  the  wave 
front. 

4)  The  steepness  of  velocity  change  is 
limited  in  the  thin  layer  adjacent  to 
free  surface.  On  the  planes  Z=c-5aa 
and  c~7era,  no  abrupt  change  can  be 
observed  in  velocity. 

The  nonlinearity  of  waves  in  the  vicin¬ 
ity  of  ships  is  first  noticed  by  Baba \ 11], 
and  it  has  beer,  considered  as  an  effect  of 
breaking  waves.  However,  our  successive 
works  following  his  pioneering  work  indicate 
that  the  decisive  property  of  the  nonlinear 
wave  is  to  generate  a  line  of  discontinuity. 
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Relation  between  draft  of  model  and 
equivalent  shallov  water  depth 


The  change  of  the  shock  angle  of  FSSW 
is  very  similar  to  that  of  shock  waves  in 
shallow  water  as  is  shown  in  Fig. 18.  When 
one  introduce  the  new  concept  of  equivalent 
shallow  water  depth,  the  change  of  shock 
angle  of  FSSW  can  be  explained  by  the 
formulation  for  shallow  water  shock  waves. 

The  critical  speed  for  shallow  water  shock 
waves  is  /ghjand  the  shock  angle  is  deter¬ 
mined  by  entrance  angle  and  Fh .  For  FSSWs 
the  equivalent  shallow  water  depth  iTi  is 
determined  so  as  to  let  Fig. 18  (left)  accord 
with  Fig. 18  (right) .  This  is  really  a  bold 
assumption;  however.  Fig. 18  and  Figs. 9  to  14 
suoport  this  assumption,  in  which  resemblance 
between  FSSWs  and  shallow  water  shock  waves 
is  evident.  Fig. 9  to  Fig. 14  indicate  that 
the  flow  with  discontinuity  is  limited  in  the 
thin  layer  adjacent  to  the  free  surface. 

The  obtained  equivalent  shallow  water  depth 
?c..*rox:mately  accords  with  the  depth  of  the 
thin  layer , 

Calculated  equivalent  shallow  water 
depth  for  wedge  models  are  plotted  in  Fig. 20 
against  draft  in  non-dimensional  form.  The 
relation  between  draft  and  equivalent  shallow 
water  depth  r.s  approximately  linear  except 
for  extremely  shallow-drafted  conditions. 

This  fact  means  that  Froude's  law  of  simil¬ 
itude  is  maintained  and  the  occurrence  of 
FSSWs  is  ruled  by  Froude  number  based  on 
draft.  The  variation  of  the  equivalent  shal- 
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lev  water  depth  is  visualized  in  another 
form  in  Fig. 21.  Equivalent  shallow  water 
depth  is  determined  by  draft  and  entrance 
angle;  the  absolute  value  of  advance 
velocity  lias  little  to  do  with  this  [4]. 


5.3  Method  of  Characteristics 


When  equivalent  shallow  water  depth  Tig 
is  introduced,  the  problem  turns  into  two- 
dimensional  one  and  the  governing  equation 
is  for  irrotational  motion. 
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(13) 


This  type  of  nonlinear  equation  has  long 
been  treated  in  the  fields  of  high-speed 
aerodynamics  {10),  and  there  are  some  meth¬ 
ods  to  solve  it.  in  this  section,  an 
attempt  to  apply  the  method  or  characteris¬ 
tics  is  briefly  discussed  for  the  estimation 
of  the  curves  of  discontinuity,  i.e.,  the 
pattern  of  the  occurrence  of  FSSKs. 
Characteristic  curves  on  physical  plane  and 
holograph  plane  are  in  supercritical  speed 
(u2  +  v2  >  c2)  ,  respectively. 


dy  "cr 
^  “ 


±  >/7ur+vrr/c  5~  - 1 

1  -  u2/c2 


(14) 


dv  ^  ~  /(uUTVc2  -  1 

du  1  -  v2/c’' 

where  c  =  /gHi 


(15) 


On  hodograph  plane,  shock  polar  car.  be  drawn 
according  to  (15) ,  and  the  obtained  line  of 
characteristic0  settle  that  on  physical 
plane  because  les  represented  by  (14)  and 
(15)  are  normal  each  other. 

This  method  of  characteristics  is 
applied  to  an  usual  hull  form  whose  hull  form 
is  assumed  to  be  represented  by  the  wa-er- 
line.  And  besides,  the  water  line  is  mod¬ 
ified  into  succession  of  straight  short 
lines  for  simplicity.  An  example  for  a  fine 
hull  form  M34  is  shown  in  Fig. 22  at  various 
velocity  of  advance.  Although  the  cal¬ 
culated  results  do  not  qantitatively  agree 
with  the  experimental  curves,  the  qual¬ 
itative  agreement  is  good,  These  results 
imply  that  this  method  can  be  useful  for 
hull  form  design,  because  qualitatively 
exact  estimation  of  resistance  can  improve 
hull  form  by  itself.  The  relation  between 
shock  angle  and  strength  of  discontinuity 
As  rather  simple  as  is  shown  in  Fig, 19.  The 
reduction  of  shock  angle  will  naturally  lead 
to  reduction  of  resistance  due  to  FSSW. 

The  explanation  described  in  this  chap¬ 
ter  is  based  upon  irrotationality ,  which 
seems  to  be  contradictious  with  the  physical 
fact  of  the  existence  of  discontinuity, 
because  the  flow  with  discontinuity  is  rota¬ 
tional.  However,  the  rotational  flow  is 
simply  a  consequence  of  the  occurrence  of 


Fig. 22  Shock  front  lines  of  M34  by  the  method 
of  characteristics 

FSSW.  The  interpretations  in  this  chapter 
will  hold  true  at  the  oresent  stage  of  the 
cultivation  of  the  new  problem. 

6.  pp.S  I  STANCE  COMPONENT  n'JE  TO  FREE  SURFACE 
SHOCK  WAVES 


6.1  Momentum  Loss  Measured  far  behind  Ships 

Measurement  of  momentum  loss  far  behind 
ships  has  been  carried  out  for  various  ship 
models  in  1978  and  1979  (2)  (5).  Two  examples 
of  contours  of  momentum  loss  are  present  in 
rig. 23  for  KM 2  at  the  draft  of  200mm  and 
60mm.  The  area  where  momentum  loss  appears 
stretches  widely  in  the  vicinity  of  the 
free  surface.  This  kind  of  momentum  loss 
will  be  attributed  to  the  velocity  drop  by 
FSSW  through  the  relation  described  in 
equation  (2) .  FSSW  produce  lines  of  dis¬ 
continuity  and,  consequently  momentum  loss 
behind  them.  To  the  first  order  approx¬ 
imation  the  resistance  due  to  FSSW  is 
considered  to  be  measured  in  this  form 
instead  of  wave  pattern  resistance, 
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Fig. 24  Resistance  components 


6.2  Hull  Particulars  and  Free  Surface  Shock 
Wave 


The  sum  of  viscous  resistance  and 
resistance  due  to  FSSW  can  be  approximately 
evaluated  by  the  integration  of  the  contours. 
Measurement  of  momentum  loss  is  carried  out 
on  11  model  ships,  and  the  result  is  sum¬ 
marized  in  Fig. 24.  The  towing  f^rce  nearly 
agrees  with  the  sum  of  momentum  loss  and  wave 
pattern  resistance,  then, 


Rw  "t  Rv  —  Rm  +  Rw p  (16) 

Rm  —  Rv  -  Rw  -  Rwp  (17) 

Suppose  that  the  momentum  loss  subtracted  by 
the  viscous  resistance  is  the  resistance  due 
to  FSSW,  the  difference  between  wa»'e  resist¬ 
ance  and  wave  pattern  resistance  is  the  first 
approximation  of  the  resistance  due  to  FSSW. 
mhe  amount  of  Rm-  Rv  or  RWp  is  commonly 
great  in  Fig. 24,  though  one  has  to  take  into 
account  that  the  vaiue  ot  wave  pattern 
resistance  measured  on  models  whose  length 
is  2  or  2.4m  is  usually  a  little  smaller  than 
that  on  larger  models. 

wave  resistance  obtained  from  towing 
test  can  be  assumed  to  be  composed  of  two 
components.  They  are  linear  wave  resistance 
(Rwp)  and  resistance  due  to  FSSW(Rw-Rwp ) .str¬ 
ictly  speaking,  this  separation  of  resistance 
is  not  exact  because  of  complex  interactions; 
for  example,  longitudinal  wave  recoud  for  Rwp 
sometimes  include  steep  wave  height  by  FSSW. 
However,  Rwp  is  considered  to  be  the  linear 
wave  resistance  which  have  already  been 
experienced  the  effect  of  FSSWs  in  the  r.ear- 
field,  and  therefore,  Rw  -  Rwp  is  approx¬ 
imately  the  sum  of  resistance  due  to  FSSWs 


and  resistance  due  to  interactions  between 
the  two  wave  systems.  This  separation  of 
resistance  is  very  convenient  for  the 
recognition  which  component  of  wave  resistr 
ance  is  significant  among  the  inviscid 
resistance.  Some  examples  are  shown  in 
Fig. 25  for  simple  wall-sided  models  and  in 
Fig. 26  for  practical  ship  models  and  Inuids. 
Rw  -  Rwp (nondimensionalized  as  C«  -  Cwp  in 
the  figures)  plays  a  significant  role  in 
wave  resistance  of  ships  whose  length-beam 
ratio  is  greater  than  6,5.  The  effect  of 
sectional  area  curve  is  visualized  by  the 
three  dotted  curves  for  three  model  ships 
whose  particulars  are  same  with  M40  in 
Fig. 26.  Length-beam  ratio  and  beam-draft 
ratio,  as  one  imagines,  determines  the 
trajectory  at  the  first  step.  In  most  cases 
Rw  -  Rwp  tends  to  be  small  over  a  certain 
Froude  number  and  has  only  single  hump. 

These  figures  can  be  the  Guidelines  for 
hull  form  designers.  Ships  whose  Cw  -  Cwp 
is  greater  than  Cwp  must  be  designed  with 
careful  examination  on  the  occurrence  and 
strength  of  FSSVJs.  Generally  speaking, 
practical  hull  forms  whose  L/B  is  less  than 
6.5  receive  remarkable  resistance  by  FSSW. 
Hull  form  design  without  consideration  on 
FSSW  will  not  be  reliable  for  these  ships. 
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SR138X1  on  trial  conditions 


6.3  Resistance  Humo  bv  Free  Surface  Shock 
Wave  - 

Ship  models  on  shallow  drafted  condi¬ 
tion  present  a  significant  hump  in  Cw  curve 
in  low  Froude  number  region.  An  example  of 
two  models  of  bulk  carrier  on  ballast  condi¬ 
tion  is  shown  in  Fig, 27.  A  slight  modifica¬ 
tion  of  the  hull  form  at  the  bow  give  rise 
to  great  difference  in  the  resistance  humps 
around  Fn  =  0.15,  while  the  measured  wave 
pattern  resistance  do  not  have  any  dif¬ 
ference;  or  rather,  Cwp  itself  is  negligible 
in  the  velocity  range  ot  Fn  f  0.20.  A  case 
of  a  large  container  model  on  trial  condi¬ 
tion  is  shown  in  Fig. 28,  Cwp  is  very  small 
around  Fn  =  0.15  whereas  Cw  has  a  hump  there. 

These  humps  at  low  Froude  number  are 
commonly  recognized  for  shallow-drafted 
ships,  especially  those  with  bulbous  bow, 
and  they  make  the  definition  of  form  factor 
very  difficult.  These  humps  could  not  have 
beer,  reasonably  explained.  The  wave  pattern 
at  the  bow  of  the  container  model  in  Fig. 28 
is  shown  in  Fig. 29.  Occurrence  of  FSSWs  is 
obviously  observed.  The  shock  angle  is  max¬ 
imum  around  Fr.  =0.13  or  0.15  and  it  turns 
to  ae  small  with  the  increase  of  velocity. 
Greatness  of  shoe.*;  angle  means  greatness  of 
resistance  due  to  FSSW  as  has  already  been 
described,  which  can  qualitatively  exolair, 
the  hump  at  Fr  =0.15.  The  theory' for 
shallow  water  shock  waves  which  has  been 
utilized  m  chapter  5  by  introducing  eauiv- 
alent  shallow  water  depth  can  rouqhlv  es¬ 


Fig.29  Wave  pattern  pictures  of  SR138  on 
trial  condition 


timate  the  resistance  due  to  FSSW,  Cal¬ 
culated  resistance  due  to  the  second  free 
surface  shock  wave  is  shown  by  dotted  curves 
for  two  bulk  carriers  in  Fig. 27.  The  qual¬ 
itative  agreement  of  the  theory  with  the 
experimental  results  is,  again,  excellent. 

One  can  conclude  that  the  hump  that  is  often 
observed  in  low  Froude  number  is  due  to  FSSW. 
With  the  decrease  of  draft  the  critical 
speed  /dK,  becomes  small ,  which  is  shown  in 
Fig. 21  as  the  dependence  of  Ej  on  d  or  in 
Fig. 20  as  relations  between  draft  and  equiv¬ 
alent  shallow  water  depth,  and,  in  con- 


sequence,  the  hump  in  Cw  curve  where  shock 
angle  is  great  is  shifted  to  the  low  speed 
range  where  Cwp  is  negligibly  small,  because 
a  hump  by  FSSW  is  usually  present  around  the 
critical  speed.  For  shallow  drafted  low- 
and  middle-speed  ships,  consideration  on 
FSSW  is  decisively  important. 

7.  EFFECT  OF  FREE  SURFACE  SHOCK  WAVES  ON 
LINEAR  DISPERSIVE  WAVES 

7.1  Phase  Shift 

FSSWs  coexist  with  linear  dispersive 
waves  around  ships  in  translational  motion. 
The  problem  of  wave  resistance  comes  to  be 
complex,  and  it  seems  to  be  impossible  to 
develope  a  comprehensive  theory  that  explains 
the  two  wave  systems  simultaneously.  There 
are  two  possible  ways  to  be  urgently  pursued. 
The  first  is  to  evaluate  the  wave  resistance 
d'’e  to  linear  disp-i-Sive  wave  system  which 
has  been  influenced  by  the  nonlinear  flow 
caused  by  FSSWs  in  the  near-field  of  ships. 
The  second  is  to  estimate  the  resistance  due 
to  FSSWs  themselves.  What  is  described  in 
chapter  S  belongs  to  the  latter  way,  and 
problems  concerned  with  the  former  way  are 
described  in  this  chapter.  In  case  both  ways 
are  successfully  achieved,  wave  resistance 
can  be  estimated  by  summing  the  two  results. 

The  phase  of  linear  dispersive  wave 
system  is  commonly  shifted  forward,  An  exam¬ 
ple  on  beam-length  series  ships  is  present  in 
pig.30.  With  the  increase  of  beam-iength 
the  amount  of  forward  phase  shift  becomes 
larcre.  FRRw’s ,  esoecia1  ly  those  at  the  bow, 
become  intense  with  th.  enlargement  of  beam- 
length;  the  shock  angle  increases  and 
discontinuity  in  wave  height  and  disturbance 
velocity  is  strengthened  On  sectional  area 
series  ship  models  whose  particulars  are  the 
same  with  M40,  the  intensity  of  FSSWs  at  the 
bow  and  forward  phase  shift  have  intimate 
connection,  though  the  result  is  abbreviated. 
FSSWs  accompany  lateral  displacement  velocity 
as  is  shown  in  Figs. 9,  11,  12  and  13.  It  has 
an  influence  on  the  dispersive  wave  system 
to  shift  forward  and  sidewards. 


direction  of  advance 


Fig. 30  Comparison  of  longitudinal  wave 

profile  of  beam-length  series  ships 


7.2  Attenuation  Effect 


Longitudinal  wave  profiles  of  the  wide- 
beamed  fine  ship  M4  2  are  shown  in  Fig. 31  at 
various  velocity  of  advance.  One  will  notice 
that  the  rear  parts  of  the  wave  records  are 
extremely  low,  which  implies  attenuation  of 
transverse  waves.  This  attenuation  cannot 
be  understood  as  an  effect  of  cancellation 
between  the  two  linear  wave  systems  generated 
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at  the  bow  and  the  stern,  because  it  does  not 
depend  on  velocity  of  advance.  This  phenom¬ 
ena  is  also  considered  as  an  effect  of  the 


existence  of  FSSW  by  the  two  reasons.  They 
are  that  the  attenuation  becomes  conspicuous 
in  case  FSSW  is  intense  and  that  FSSW  accom¬ 
panies  a  kind  of  wide  wake  region  as  a 
result  of  the  presence  of  discontinuity  in 
velocity. 

One  of  the  great  discrepancies  between 
linear  wave  resistance  theory  and  experiment 
consists  in  the  humps  and  hollows  in  resist¬ 
ance  curve.  Linear  theories  show  remarkable 
humps  and  hollows  as  an  effect  of  cancella¬ 
tion  and  amplification  of  waves,  whereas 
they  can  be  scarcely  observed  in  measured 
resistance  curves  in  low  and  middle  range  of 
advance  velocity  except  for  very  fine  ship 
models.  A  typical  example  is  shown  in 
Fig. 32.  This  qualitative  discrepancy  should 
have  been  very  significant  for  the  assess¬ 
ment  of  the  validity  of  theories. 

A  simple  calculation  is  carried  out  for 
WH1  to  demonstrate  that  FSSW  attenuate  lin¬ 
ear  waves  with  the  wake  region  behind  the 
line  of  discontinuity.  mhe  wake  region  is 
represented  by  a  rigid  body  whose  depth  is 
20mm  which  stretches  laterally  along  the 
line  of  discontinuity  to  a  certain  point  and 
continues  to  infinity  extending  c-arallel  to 
the  centerline  of  the  ship.  Calculation  is 
made  by  Michell's  approximation  for 
simplicity.  The  results  are  shown  in  Fig. 32 
for  wave  resistance  curve  and  in  Fig. 33  for 
wave  spectrum.  Wave  resistance  bv  linear 
waves  should  accord  with  measured  wave  pat¬ 
tern  resistance  and  this  is  approximately 
accomplished  by  this  calculation.  Fig. 33 
shows  that  the  gap  between  theory  and 
experiment  is  remarkable  in  the  transverse 
wave  system  and  that  it  is  considerably 
remedied  by  taking  the  effect  of  FSS'J  into 
consideration. 
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8.  FREE  SURFACE  SHOCK  WAVES  AT  THE  STERN’ 


8.1  Occurrence  of  Free  Surface  Shock  waves 


at  the  Stern 


It  is  naturally  understood  that  FSRWs 
appear  at  any  points  in  the  near-field  in 
various  fashion.  It  is  not  limited  in  the 
bow-near-field.  Especially  PSSWs  are  clear¬ 
ly  observed  at  the  stern  on  high-speed  fine 
ships.  The  passenger  boat  in  Fie.l 
generates  intense  FSSWs  at  the  stern  being 
accompanied  uith  breaking  of  waves.  Abrupt 
change  in  velocity  and  wave  height  have  been 
measured  and  it  has  been  %’erified  that  this 
kind  of  waves  have  the  same  characteristics 
as  those  of  FSSWs  at  the  bow  [3],  Trans¬ 
verse  wave  profiles  are  shown  in  Fig. 34  for 
a  container  ship  model.  A  line  of  dis¬ 
continuity  can  be  recognized. 


8.2  Development  of  Stern-End-Bulh 

FSSWs  at  the  stern  look  dominant  in  the 
wave  pattern  pictures  of  full-scale  high-sp¬ 
eed  passenger  boats,  destroyers  and  container 
carriers.  To  reduce  FSSWs  at  the  stern  and, 
simultaneously,  linear  waves  from  the  stern, 
a  new  type  of  bulb  is  developed  by  the  author 
and  colleagues  through  extensive  experimental 


Fio.35  Configuration  of  sterrs-end-bulb  for 
SR138 

investigations  [6],  (7],  This  bulb  -is  named 
stern-end-bulb  (abbreviated  as  SEB) .  This 
bulb  is  rather  small  in  comparison  with  the 
bow-bulbs  and  equipped  at  the  rear  end  of  the 
waterline  of  ships.  Stern-end-bulo  is  care- 
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Fig. 36  Cemoarison  of  stern  wave  oictures  of 
SRI 38  and  SR138.X  (10m  model) 

fully  designed  so  that  it  reduces  wave 
resistance  and  minimizes  increment  of  viscous 
resistance.  One  of  the  configurations  of  SEB 
for  a  container  carrier  is  present  in  Fig. 35. 

~he  original  form,  of  SEB  was  a  modified 
rudder  called  R-N  which  was  a  rudder  with  a 
bulb  similar  to  SEB-X  in  Fig. 35.  SES-X  was 
connected  to  the  bunging  rudder  R-A  instead 
of  the  hull  and  the  modified  rudder  is  called 
.  T’ho  sf fsct  of  R-'-J  on  V/3V6S  is  shown  in 
"■’.34.  The  discontinuity  in  wave  height  is 

means  that  it  r 
FSS'Js  at  the  stern,  "he  effect  of  SE3-X  in 
Fig. 35  is  visualized  in  Fig. 36.  Wave  resist¬ 
ance  curves  are  shown  in  Fig. 37  which  are 
results  of  volume  series  experiments  for  the 
investigation  on  the  optimum  size  of  SEB. 

The  decrease  of  Ch-  qualitatively  accords  with 
that  of  Cwp -  However,  the  rate  of  decrease 
of  Cw  cannot  be  fully  explained  by  that  of 
Cwp.  SEB  reduced  Cwp  and  Cw-Cwp  simulta¬ 
neously,  in  other  words,  SFB  is  very  effec¬ 
tive  for  the  reduction  of  both  linear  wave 
resistance  and  resistance  due  to  FSSW  at  the 
stern,  "’his  interpretation  is  also  true  for 
bulbous  bow.  Bulbs  generally  contribute  to 
reduction  of  two  components  of  wave  resi't- 
ance  IS] .  Fig. 27  shows  an  effect  of  bulbous 
bow  of  bulk  carrier  as  an  extreme  case,  in 
which  the  effect  of  the  variation  of  the  form 


Fig. 37  Resistance  reduction  by  stern-end-bulb 


of  bulb  on  wave  resistance  can  be  recognized 
only  in  Cw-Cwp,  i.e.,  resistance  due  to 
FSSW,  in  the  low  speed  range. 

The  reduction  of  wave  resistance  by  the 
stern-end-bulb  (FEB)  reaches  up  to  2  j  percent 
which  leads  to  saving  of  propelling  power  of 
6  percent  for  container  carriers.  The  effec¬ 
tiveness  of  SEB  have  been  verified  on  several 
high-speed  ship  models  [7] ,  and  it  is  going 
to  be  put  to  practical  use  at  Jaoanese  shio- 


.  NONLINEAR  WAVES  IN 


9.1  Wave  Pattern  Picture 

Examination  of  wave  making  properties 
in  wide  range  of  advance  velocity  will  be 
useful  for  comprehensive  understanding. 

Wave  pattern  pictures  of  two  models  are  shown 
in  Fig. 38  and  39.  The  entrance  angle  of 
WM4-A  is  about  20  degree  and  the  fore-end  of 
the  rudder  is  round,  and  therefore.  FSSWs 
around  the  models  are  evidently  observed. 

The  free  surface  phenomena  of  a  floating  body- 
in  translational  motion  seems  ultimately 
complex.  Linear  and  nonlinear  waves  coexist 
and  the  nonlinear  waves  generate  unsteady  tur¬ 
bulent  flow  on  the  free  surface. 

9.2  Longitudinal  Wave  Profile 
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Discussion 


E  Batmmti) 


I  have  enjoyed  reading  this  paper  and 
am  impressed  with  the  vast  extent  of  the  in¬ 
vestigation  of  the  tree-surface  phenomenon 
around  ship  models. 

The  author  introduced  a  concept  of 
equivalent  shallow-water  depth  and  tried  to 
interpret  the  free-surface  phenomenon  ob¬ 
served  around  ship  models  by  use  of  a  two- 
dimensional  oartial  differential  equation 
(13). 

In  the  derivation  of  this  equation  one 
should  assume  that  change  of  velocity  com¬ 
ponents  u  and  v  in  the  direction  of 
water  death  is  small  enough  to  be  negligi¬ 
ble. 


S.S.  75/12 
y  ~  240  nus 

-0.1  free-  surface  0.1  u/U , v/U . w/U 


3  on  frcir.  J 

free-  / 
surface/ 


Figs. A  and  B  are  prepared  from  Pig. 13 
and  14  of  the  author's  paper.  It  is  ob¬ 
served  that  the  change  of  u/U  and  v/U  in 
the  direction  of  water  depth  is  quite 
large  in  the  vicinity  of  the  free-surface. 
In  1972  Takekuma  (Reference  12  of  the  pre¬ 
sent  paper)  already  observed  this  phenome- 
non. 

From  these  observations  of  the  flow 
phenomenon  near  the  free-surface,  one  won¬ 
ders  whether  the  partial  differential  equa¬ 
tion  such  as  (13)  can  be  exploited  as  a 
governing  equation  for  such  flow  phenome¬ 
non  . 

The  author's  view  on  this  matter  is 
very  much  appreciated. 


H.  Maruo  (Yokohama  n  univ.) 

In  this  paper,  the  author  has  analysed 
the  phenomenon  of  breaking  of  the  free  sur¬ 
face  near  the  ship  hull,  assuming  an  analogy 
with  the  shock  wave  in  compressible  fluid 
or  hydraulic  jump  in  shallow  water-flow. 

I  cannot  help  regarding  that  this  treat¬ 
ment  is  due  to  nothing  but  the  author's 
misunderstanding  of  the  true  phenomena. 

The  shock  wave  is  an  attribute  of^  the  mo¬ 
tion  in  non-dispersive  media,  while  the 
surface  wave  in  deep  water  is  a  phenomenon 
in  a  dispersive  media.  Therefore  no  analogy 
exists  between  the  shock  wave  and  the  sur¬ 
face  wave  around  a  ship  hull,  when  the  water 
is  not  restricted. 


R.K-C.  Chf  (JAYCORI 


Fig.  A  Change  of  u/U  and  v/U  in  the 
direction  of  water  depth  at 
y  =  240  nun 
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Fig.  8  Change  of  u/U  and  v/U  in  the 
direction  of  water  depth  at 
v  =  270  nun 


The  various  properties  of  free-surface 
shock  waves  (FSSK)  as  described  by  Professor 
Miyata  are  very  interesting,  especially  in 
consideration  of  their  impact  on  future 
directions  of  research  of  wave  resistance. 
The  analog/  of  FSSW  to  shallow  water  waves 
suggests  strongly  that  conditions  satisfied 
by  shallow-water-wave  theory  must  be  pre¬ 
sent  in  the  near  field  of  the  ship-wave 
system  also.  One  fundamental  feature  of 
shallow-water  waves  is  that  the  pressure 
distribution  is  essentially  hydrostatic, 
i.e. , 

p  =  eg  (n  -  z) ,  (1) 

where  r,  is  free-surface  elevation  and  z  =  0 
defines  the  undisturbed  water  surface. 

Much  insight  would  be  gained  if  one  could 
measure  the  pressure  distribution  in  the 
free-surface  layer  and  determine  in  which 
region  and  to  what  extent  Eq.  (1)  is  satis¬ 
fied  by  the  flov:.  One  suggestion  is  to 
define  the  parameter  {  as 

C  =  p  -  eg (n  -  z)  (2) 
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and  plot  the  distribution  of  £  on  cross- 
sectional  planes  along  the  length  of  ship. 

If  the  flow  field  is  not  of  the  shallow- 
water  type,  5  would  be  quite  different  from 
zero.  For  example,  in  two-dimensional  deep¬ 
water  waves, 

4=p-og  { n-z)  =pga  cos  (kx-ct)  -  1 


The  concept  of  equivalent  shallow 
water  depth  was  introduced  mainly  for  the 
purpose  of  practical  use.  This  concept 
can  be  helpful  for  the  improvement  of  hull 
form  as  is  exemplified  with  the  method  of 
characteristics.  Notwithstanding  the  bold 
assumption,  the  application  of  nonlinear 
shallow  water  theory  is  successful  to  a 
certain  degree. 


....  (3) 

which  shows  strong  variation  of  £  with 
depth,  unless  kd  -»  0. 

By  plotting  Professor  Miyata  may 
be  able  to  actually  measure  the  "equivalent 
shallow-water  depth"  h;  to  further  validate 
his  theory.  The  instrumentation  for  meas- 
ring  p  and  n  simultaneously,  however,  may 
be  quite  involved.  I  would  like  Professor 
Miyata  to  think  about  this  idea  and  comment 
on  the  feasibility  of  such  measurements. 


Y.  Shimomura  (Sum. lotno  Heavj  Ind ) 


The  author  describes  the  effectiveness 
of  a  stern-end  bulb  to  reduce  the  free- 
surface  shock  waves  (FSSKs)  which  have 
entirely  different  characteristics  from 
those  of  linear  dispersive  waves. 

The  theoretical  studies  about  attenua¬ 
tion  of  linear  waves  by  a  bulb  have  been 
studied  by  Prof.  I.iui  and  other  researchers. 
However,  I  doubt  that  the  interference  of 
waves,  which  is  the  fundamental  physics  of 
reducing  linear  waves  by  a  bulb,  can  direct¬ 
ly  lead  us  to  a  sound  explanation  of  the 
effectiveness  of  a  bulb  in  reducing  the 
FSSKs.  The  theoretical  background  for  a 
bulb's  reducing  the  FSSKs  is  not  clear  in 
this  paper.  I  would  like  tf  the  au¬ 
thor's  views  concerning  th-  physical  phe¬ 
nomena  behind  the  fact  that  a  bulb  can 
attenuate  not  only  linear  waves  but  also 
the  FSSKs. 

And  I  also  would  like  to  receive  some 
of  the  author's  suggestions  about  the 
design  of  a  bulb  which  would  reduce  the 
FSSKs . 


Author’s  Reply 


H.  Miyata  (Untv  ot  Tokyo) 


To  Dr.  Baba 

Nonlinearity  plays  a  decisive  role  in 
the  thin  layer  near  the  free  surface  and 
it  does  not  in  the  deeper  region.  The 
motion  of  water  is  quite  different  between 
the  two  region.  This  will  give  rise  to  a 
steep  change  of  velocity  in  the  depthwise 
direction,  because  the  water  flow  must  be 
continuous. 


Therefore,  eguat’  "’3}  is  not  a 
general  governing  eat  jn  but  a  simplified 
equation  which  can  be  utilized  for  practical 
purposes.  The  general  governing  equation 
will  be  Navier-Stokes  equation,  which  can 
be  numerically  solved  with  boundary  condi¬ 
tions.  Further  continuous  efforts  should 
be  devoted. 


To  Prof.  Maruo 

I  think  the  analogy  is  evident  in  the 
experimental  results. 

On  the  problem  of  introducing  non¬ 
linear  shallow  water  theory,  please  see  my 
response  to  Dr.  Baba's  discussion. 

I  hope  that  Professor  Maruo  will  change 
his  opinion  by  reading  our  succeeding  papers 


To  Dr.  Chan 

Thank  you  for  your  kind  suggestion. 

The  characteristics  of  free  surface 
shock  waves  in  deep  water  are  analogous  to 
those  of  shallow  water  shock  waves  to  a 
certain  degree.  However,  there  may  be 
differences  between  the  two  non-dispersive 
nonlinear  waves,  which  will  be  clarified  by 
further  detailed  studies  including  Dr.  R. 
Chan's  proposal. 


To  Mr.  Shimomura 

Bulbs  have  two  aspects  of  wave  resis¬ 
tance  reduction.  Bulbs  at  the  bow  and 
stern-end  reduce  both  linear  wave  resis¬ 
tance  and  resistance  due  to  FSSKs.  These 
facts  are  clarified  in  two  papers  in  the 
reference  ([5]  and  [7]).  About  half  of 
the  effect  of  SEB  can  be  measured  by  usual 
method  of  wave  analysis,  and  at  the  same 
time,  the  nonlinear  wave  system  is  reduced 
by  SEB  as  is  shown  with  pictures.  Bow 
bulbs  usually  reduce  shock  angle  and  this 
leads  to  reduction  of  resistance  due  to 
FSSKs.  Further  detailed  studies  on  the 
design  method  and  its  basis  are  now  under 
way. 

The  design  of  SEB  is  now  carried  out 
making  use  of  linear  wave  making  theory- 
based  on  the  formulation  of  Neumann-Kelvin 
problem.  However,  the  effectiveness  of 
the  application  of  this  theory  is  limited. 
Towing  tests  are  necessary.  By  the  SEB, 
which  was  first  imagined  by  Professor  inui 
and  developed  by  the  author  and  his  col¬ 
leagues,  it  is  shown  that  theory  is  not 
almighty. 


ABSTRACT 

This  paper  analyses  the  flow  field  about 
an  oscillating  body  which  moves  with  a  con¬ 
stant  velocity  U  near  and  parallel  to  a  free 
surface. 

Special  attention  is  paid  to  frequencies 
of  oscillation  in  the  neighbourhood  of  the 
critical  frequency  =  0.25U/g.  It  is  well 
known  that  the  classical  linearized  solution 
for  this  problem  yields  infinitely  large 
wave  amplitudes  at  resonant  frequency.  The 
singularity  in  the  velocity  potential,  and 
hence  also  in  wave  amplitude,  lift  and  drag 
at  resonant  conditions  is  found  to  be  the 
inverse  of  the  square  root  of  i«=wc~w  for 
two-dimensional  flow  and  a  somewhat  weaker 
singularity  of  a  logarithmic  type  in  6a  for 
a  three-dimensional  flow. 

It  is  demonstrated  in  the  text  how  this 
resonance  may  be  removed  by  considering  a 
relatively  simple  non-linear  case  in  which 
the  oscillating  flow-field  is  taken  to  be  a 
small  disturbance  about  the  steady  non-uni¬ 
form  flow  field  caused  by  the  body.  Even 
though  the  analysis  presented  is  general, 
two  representative  cases  are  discussed  in 
greater  details:  a  concentrated  two-dimen¬ 
sional  vortex  and  a  three-dimensional  lift¬ 
ing  surface.  For  both  cases,  a  uniformly 
valid  solution  for  the  velocity  potential, 
the  amplitude  and  phase  of  the  resulting 
free-waves  in  the  neighbourhood  of  the  re¬ 
sonant  frequency  is  presented.  Also  com¬ 
puted  are  finite  D.C.  components  of  the  drag 
and  lift  acting  on  the  hydrofoil. 

NOMENCLATURE 

All  variables  are  dimensionless  with 
respect  to  u2/g,  u/g  and  p  as  length,  time 
and  density  scales,  respectively.  U  is 
the  translatory  velocity  of  singularities 


system,  g  is  acceleration  of  gravity  and  s 
is  water  density.  FT  and  -  stand  as  symb¬ 
ols  of  Fourier  transform. 
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-  coefficients  in  the  integral 
equation  of  the  FT  of  the 
potential. 

-  nominator  in  the  decomposition 
of 

-  nonhomogeneous  terns  in  the  free 
surface  condition 

-  FT  of  c (°) ,  cCD 

-  drag 

-  depth  beneath  unperturbed  free- 
surface 

-  imaginary  unit 

-  variable  in  Fourier  transform 
plane  in  two  dimensions 

-  critical  k  value 

-  lift 

-  free-surface  differential 
operations 

-  strength  of  doubet  {steady  and 
unsteady,  respectively) 

-  pressure  terms 

-  strength  of  pressure  point 

-  time 

-  horizontal  coordinate  on  the 
unperturbed  free-surface  in  the 
direction  of  translatory  motion. 

-  vertical  coordinate  positive 
upward 

-  horizontal  coordinate  normal  to 
x 

-  variables  in  the  Fourier  space 
in  threee  dimensions 


common  notation  sor 


Ma 


circulation  (steady  and  unsteady 
respectively) 

total  circulation  for  a  lifting 
line 

steady-state  perturbation , 
potential 


mm . . . . . . 


hydrofoil  (which  is  the  application  which 
motivated  the  present  work) ,  a  floating 
body  or  a  travelling  pressure  patch. 

In  the  frame  of  the  inviscid  theory 
the  problem  has  been  solved  in  the  past  in 
the  first-order  linear  approximation  for  the 
unsteady  potential  and  in  the  zero-o_der 
approximation  for  the  steady  flow  component . 
The  two-dimensional  case  has  been  invest¬ 
igated  thoroughly  in  (1 1,(2],  {3]  ana  ft). 
The  three-dimensional  problem  has  been 
treated  at  a  lesser  extent  in  { S ] .  (6)  and 
{7].  In  both  cases  it  has  been  found  that 
a  travelling  singularity  generates  a  system 
of  four  waves  of  different  wave  numbers. 

For  dimensionless  frequencies  «<*c=»l/4, 
three  waves  propagate  downstream  and  one 
propagates  upstream,  whereas  for  -  ~c  only- 
two  downstream  waves  are  present.  At  the 


^  near  _c  and  of  order  r.  /T.  instead  of 
:  /  UC-.  T  Besides',  the  phase  of  the 

waves  is  changed  by{-/2)  as  compared  to  that 
derived  by  the  usual  linearised  solution  and 
this  has  an  important  effect  upon  the  time 
averaged  drag  and  lift. 

Our  procedure  does  not  remove  the 
resonance  for  doublet  type  or  pressure 
singularities  and  it  seems  that  the  second- 
order  steady  potential  has  to  be  taken  intc 
account  ir.  this  case.  Speculating  that 
such  a  procedure,  which  becomes  more  involved, 
may  succeed,  the  near  resonant  amplitude  weald 
become  of  order  >!..  /H§ .  Thus  the  cases  of 
resonance  of  an  oscillating  ship  or  a  trave¬ 
lling  pressure  patch  are  still  open,  but  we 
hope  the  method  outlined  here  is  a  pret-sing 
starting  point  towards  their  solution  too. 
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infinity.  As  a  result  tn 
on  the  singularity  system 
bounded.  This  resonant 
uted  to  the  inability  of 
to  move  away  from  the  sin 
although  it  was  hypothesized 
in  theory  for  nonlinear  e 
the  resonance,  no  attempt  has 
far  towards  this  aim. 

Besides  the  intriguing  theoretical 
problem,  the  resonant  effects  may  be  import¬ 
ant  in  applications  in  which  the  body  travels 
in  sea  waves.  Depending  on  the  relative 
velocity  and  on  the  angle  of  encounter,  a 
wide  range  of  frequency  values  is  possible. 

In  numerical  simulations  of  body  motions 
the  resonant  frequency 
or  it  is  ignored.  Th 
the  authors  comment: 
critical  situation,  to 
method  does  not  apply, 
prevent  the  numerical 

to  apply  it  joyfully  no  matter  what  the 
result. * 


2.1  Definitions 
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supplemented  by  appropriate  radiation 
conditions  and  by  the  aquations  for  the 
singular  parts  of  #  and  #.  Our  aim  is  to 
derive  approximative,  linearized,  solutions 
for  f(x,y,z)  (1). 

2.2  Linearized  equations 

An  ordering  is  introduced  by  assuming 
that  Ms  a  small  perturbation  of  the 
unifora  flow  and  #  is  small  compared  to  #. 
Furthermore,  in  the  case  of  p=0^ i  and#  are 
written  as  follows 


=#  +  *  ; 
s  r 


►s  +  #r 


where  the  singul  arts  *  and  #s  are 
given  and  they  obey  the  condition 

♦sCx,0,z)  =  0;  »s{x,0,z)  =  0  .  {6) 

♦  and  Vj.  are  regular  for  y<0  and  satisfy 
the  following  well  known  equations,  derived 
from  Cl)- (6) 


F  =  o  |for  y<Q) 

^r,xx  +  'r,y  "  ?c-,x  *s.y 


(for  y=0) 


%  = yr,s~  p# 


with  pg  standing  for  a  steady  pressure  on 
the  free-surface  and  n*  for  the  steady 
free-surface  elevation.  Generally  either 
p*  or  fs  is  zero,  hut  we  shall  keep  both 
terms  in  (8)  for  the  sake  of  briefness. 

As  for  • r ,  the  pertinent  equations  are 

v2fr  =  Q  (for  y <01  (10) 

Lo(#r)+l.1(#r)  =  co(x,z)+c1Cx,z}  (for  y=0) 


where  the  differential  operators  bQ  and 
are  given  by 

L0~*2-2i.  |j  .  ♦  |j  U2> 


L,=2i«{v|) • v~2 1 v y ) •  i 


^  3v°  <i3> 


rhe  RonhtEsogeneous  term  in  (11)  are 


c  tx,z)=-*  ~i«p.. 

Vf  *>.  V  9 


and  a  similar  expression  involving  the  given 


functions  ts  *  and  p*  for  c ^{x.z).  Lq 
and  cq  are  linear  in*rTand  zero-order  in 
the  steady  flow.  The ‘equation  Lq  Ur 3  =  cG 
has  constant  coefficients  and  is  the  one 
adapted  exclusively  in  previous  works i 1 ] - [ S 1 . 
In  contrast,  L,  and  cy  are  linear  in  but 
with  variable, ifirst-order  in  #, coefficients 
and  is  for  the  first  time  considered  here. 

The  problem  is  now  defined  in  mathemat¬ 
ical  terms:  the  solution  for  #  satisfying 
(lO)  and  (11)  and  appropriate  radiation  con¬ 
ditions  is  sought.  The  problem  is  recast 
in  terms  of  Fourier  transforms  in  the  next 
section. 

2.3  ~:-tegral  equation  for  the  FT  (Fourier 

transform)  oi  the  potent! a 1 . 

The  Fourier  transforms  of  #r  and  w-r-  are 


fr(a,e,y)  =  5?  1  j 


.{x,Q,z}exp 


[i(ax+Bz)+(a2+92)^yldxdz  (15) 


in  3D  and 


(b,y)  =•  — i—  I  #  (x,0)exo 

_i 

[ikx+ik|y3dx  (16) 

in  the  2D  case,  with  similar  expressions  for 
$r(a,3,y)  and  i  (k,y),  respectively. 

Carrying  out  the  FT  of  the  steady  flow 
equations  (l)-{9)  yields  immediately  the  well 
known  exnressions 


#r  (a, 8,0} 


#r  Cfc,0) 


3p^/3x  -  U  /3y 
-a2+(o2*32)*+iutt 


sp#/3x  -  o#s/3 

-k2+|k(+  iuk 


(for  y=0) 


(for  y=0) 
CIS) 


in  the  3D  and  2D  cases,  respectively,  with 
u-*0  an  artifice al  viscosity  coefficient  which 
ensures  that  w.<-  poles  in  the  FT  plana  are 
properly  located  to  fulfill  the  radiation 
conditions. 

The  FT  of  ill)  yields  the  integral 
equation  for  in  the  3D  case 


!,S;M)#r (a, 8,0)  *  fr  ( 


A  '  (a,fl,X,v;»i|§_Ci,v,G)dXdv 

*• 

_  ^Co) ,  .  ,.(11, 

-  w  :b,»i  +  v. 


Starting  with  the  3D  flow,  we  have 


From  (12)  and  (13)  we  have 

A<o)  (a,B;aj)=-w2-2wa-a2+(a2+e2)^  (20) 

A(1)  (a, B , A , v;w)={-i (a-A )  ( 2A2+v2+2A<d- 
-2  (a-A )  (  (u>+A )  (A 2+v 2 )  ^-A  j -2  (a-A ) 2  ( A2+v2)  ^-r 
+  2iv (B-v)  J -21 (0-v)  Uv+Av)  }^r  (a-A,B-v ,0) 

+  2(a-A) (A2+v2) ^ (o+a)p^ (a-A ,0-v) - 
-  i  (a- A )  (X2+\  2)  ^A^  (A , v) (a-A ,8-v) 

(for  y=0)  (21) 

It  _is  pointed  out  that  the  relation¬ 
ship  3(*i/3y  =  a2^r  -  lap*,,  based  on  (17), 
has  been  employed  in  (21).  Furthermore,  by 
(9)  no  =  -  i»$r  (a, 6,0)  -p.,  (a, 6)  so  that  A*l) 
(21)  Is  expressed  in  ter&s  of  known  steady- 
flow  solutions.  Finally,  c(°)  and  cU) 
stand  for  the  FT  of  c(°/  and  in  the 

r.h.s.  of  (19) . 

The  corresponding  integral  equation 
for  2D  flows  is 


A(o)  (k;w)3»  (k,0)  + 

00 

+  f  A(i)  (k,Ajw)5  (A,0)dV  = 

(2n '  i 

=  C(0) (k)  +  C(1)  (k)  (22) 


with 


A (o)  (k;u)  =-  k2-2kw  -  o’  ••  |k  I  (23) 

A(1)(k,A?u)  =  -2i(k-A) (A2+Ao-(k-A) ( (o+ 

+A )  |  A  1  -  A  ) -  (k-A )  2  |  A  |  }$r  (k-A  ,0)  + 

+2(k-' ;  | A | (u+A)  p (k- A )  - 

4> 

-  i(k-A)  |  A  |A(o>  U)yk-A)  (24) 

Eqs.  (19)  and  (22)  are  Fredholm  sing¬ 
ular  integral  equations  of  the  second  kind 
for  ipr.  Once  solved,  <Jir  is  obtained  by 
inversion  and  the  far-free  waves  are 
related  to  the  poles  of  <pr.  A  general  sol¬ 
ution  of  (19)  and  (22)  seems  difficult  to 
obtain.  However,  it  will  be  shown  in  the 
sequel  that  the  near  resonance  of  the  lead¬ 
ing  term  of  ij,r  can  be  easily  extracted  from 
(19)  and  (22) . 

2.4  The  zero-order  solution  and  resonant 
conditions 


(o) 


(a, B,0) 


C(o)  (a,B) 
A{o)  (a  , 0  ;o ) 


(25) 


which  is  the  approximation  investigated  in 
the  past.  )  is  obtained  by  inversion 
as  follows 


(o) 


<x,y,z)= 


00 

k  J 


f 

j 


c|o) (a,B) 
A(6>  (a,6;o) 


exp(- 


-l (ax+Bz) + (a2+82) ^y Jdad B  (26) 

The  zeros  of  A^are  easily  found  by 
switching  to  polar  coordinates  in  the  FT 
plane  (a=acosG,  B=asin6). 

Thus,  by  (20) 


A  ^  (0,6 ;u)=-W2-2wOCOS0-p2COS2 0+p=O 

(77) 

has  two  real  roots  for  any  :i>jej>o  provided 
that  ^<uc.  For  :i>j0j>!!/2  we  have 

j, 

l-2ccos@+(l-4wcos6) 3 

P  -  _ - _ 

3,4  2  cos20  (28) 

and  an  identical  expression  for  Pi ,2  i n  the 
case  -/2>|-3|>0.  However,  it  can  be  easily 
shown  that  the  radiation  conditions  require 
different  indentations  on  the  inversion  path 
in  the  FT  plane,  which  is  represented  in  Fig 
la. 

When  j>...c=1/4  the  four  real  roots  exist 
only  for  |0(>6C,  where  Oc=cos~l  (l/4w)  , 
while  for  ?c> I e I >0, °X  2  become  complex  (for  a 
detailed  analysis  see'  [  5]  and  (  7)).  We  can 
write  now  for  (26), for  any  fixed  x,  by 

separating  the  polar  cor.  -ributions  (semi¬ 
residues)  at  pi, 2  from  the  rest 

"/2PlC(o)  {ol,B)cos{plzsin$)exp(- 

*  (l-4ocos0) ^ 

C 

C 

-iCjXoose+p, y)+o2C ^  (p2,6)cos(c2zsin6)exp(- 


io_xcos9+v,y) 

— i - t —  ae  + 


,(0) 


(p,'3)cos(pzsin6)exp(-jpxcos9+ 
A (o) (p,6  jw) 


The  zero-order  solution  is  obtained  in  +  py)  , 

(19)  and  (22)  by  retaining  only  the  terms  of  Pdpde 

order  and  neglecting  those  of  order 

<P'4>r. 


(29) 


In  (29)  the  symbol  jj stands  for  an  in¬ 
tegral  which  is  taken  as  a  principal  value  at 
P=P^  and  p=P2  solely.  The  far-free  waves 
are  obtained  in  (29)  for  (x)-*®  by  extracting 
from  the  second  term  the  polar  contributions 
at  p3,  04,  and  the  principal  value  contrib¬ 
utions  at  p]_,  p2,  P3,  and  p4.  Then  it  is 
found  that  for  «<wc  the  p2  wave  propagates 
upstream  and  the  pi,  p2,  p4  propagate  down¬ 
stream  whereas  for  «>uc  the  surviving  p2 ,  p ^ 
waves  propagate  downstream. 

With 


5(0  =  wc  -  w 


(30) 


.(o) 


(x,y) 


(2u ) 


C(0)  (k) 
A;o) (k;«) 


exp(- 


-ikx  +  |k|y)dk=-  |(-)!5  (<5w)"^(C(0^  (kj^Jexpf- 
-ik^x+k, y) +C ^ (k2)exp(-ik2x+k2y) )+ 

05  /  v 

1 

+  — — l  ii  ~77~r  -  exp(-ikx+jk|y)dk  (35) 
(2n)’  i  A(o)(k;w) 


we  find  that  for  60-O  and  0C  =0  the  two  poles 
Pj  and  p2  coalesce  at  p=pc  =1/4.  At  this 
limit  the  second  term  of  (29)  tends  to  a 
finite  limit,  whereas  for  the  first  we  have 


“  5  C*°^(PC  /°c)cos(pc  zsinOc)exp(- 


n/2 

+  pcy)  J— 

c  >  n-4. 


g  (l-4ucosG) 


172 


+  0(1) 


(31) 


where  0(1)  stands  for  finite  terms  under  the 
limit  ow-0.  As  for  the  integral  in  (31)  we 
have  ,  ,  ' 

de  -/2  I  - +  0(1)  = 


O  (l-4wcos0)^  J0  (G2+85oo)^ 


Hence,  the  singular  term  of  di¬ 

verges  like  (5w)  for  w-*-u>c  from  below  and 
the  same  is  true  for  the  amplitude  of  the 
far-free  waves  associated  with  k^  and  k?. 

The  two-dimensional  results  have  been 
derived  explicitly  in  previous  works  ([1]  - 
(4)),  particularly  in  (2),  which  presents 
the  solution  of  the  transient  problem  in 
which  the  radiation  conditions  need  not  be 
imposed  a-priori , 

Returning  to  the  integral  equations  (19) 
and  (22)  it  is  seen  that  no  matter  how 
small  is  the  first-order  ten.-  related  to  the 
nonuniform  steady  flow  associated  with 
it  may  become  the  dominant  one  when 
i.e.,  at  the  poles  of  ^(o).  Its  possible 
effect  on  removing  the  resonant  conditions  at 
the  double  zero  of  a(°)  is  examined  separate¬ 
ly,  in  the  next  sections,  for  2D  and  3D  flows 
respectively. 


- P.n  (6w)+0  (1)  (32) 

/2 

Hence,  the  singular  term  of  41  (31) 

can  be  rewritten  as  r 

^'r  (3-/4  ,0}  in (Su)exp(-ix/4+y/4 ) 

4  (33) 


3.  REMOVAL  OF  RESONANCE  FOR  TWO-DIMENSIONAL- 
FLOW  PAST  A  LIFTING  BODY 

3.1.  The  regular  perturbation  expansion 

An  approximate  solution  of  the  integral 
equation  (22)  which  is  consistent  with  the 
ordering  of  Sect.  2.2  may  be  obtained  by  an 
asymptotic  sequence  for  $r  as  follows 


We  have  arrived  at  the  conclusion  .hat 
for  any  fixed  x  the  potential  ^j-(o)tencs  to 
infinity  like  £n(5w)  when  «  approaches  uc  from 
below.  For  |x|-*-®  the  two  free-waves  assoc¬ 
iated  with  Pi  (downstream)  and  P2  (upstream) 
become  of  infinite  amplitude  for  9=0,  i.e., 
for  transverse  waves. 

In  the  case  of  2D  flows  the  results  are 
very  similar,  though  the  algebra  is  simpler. 
Thus,  from  (23)  we  get  foru<wc  the  four  real 
zeroes 


_1-2cj-  (i-4w)  ^  _  -l-2w-(l+4a>)  ^ 

Kl,2  2  ;K3,4  I 

2  (34) 


which  are  depicted  on  the  inversion 
path  of  Fig.  lk.  Similarly  to  (29)  we  have 
after  inversion 


•?r(k,y)=^0)  (k,y)+^1)  (k,y)  +  —  (36) 

where  is  of  zero-order  in  the  steady 
flow  potential  (i.e.  corresponds  to  an 
oscillating  singularity  in  a  uniform  flow) , 
and  !i,r’l)  is  of  first-order  in 

Substitution  of  (36)  into  (22)  yields 
by  collecting  terms  of  same  order 


(k  ,0) 


C(0) (k) 
A(0) (k;w) 


(37) 


(k  ,0) 


C  (1> 


(k)  _ 

(k;w) 


f  A(1)(k.l;o)C(0)  (1) 

1  a(0,(X;w) 


1 

(2tt)  Vo) (k;w) 


dX 


(38) 


The  expressions  (37),  (38)  are  the 
first  two  terms  of  the  Neumann  series  for 
the  integral  equation  (22). 

has  been  examined  in  detail  in 
Sect.  2.4  and  it  was  found  that  for  ©w^O 
and  l2~r^ic  (6<o)-’.  To  examine  the 

behavior  of  we  substitute  A<°)  into 

the  last  term  of  (38)  and  carry  out  the 
decomposition  of  (35)  to  obtain 

1  f  A(1>  (k ,1  ;(tf) C  (o>  (X)  dA=_ 

(2 *)H  i  A^’ojo.) 


|  (|)^(©w)  ^(A(1)  (k,^;^)C(o)  (k  x)  + 


+  A{1)  (k,k2;-J)C(o)  <k2)l  + 


— ^ 
(2a  )^ 


A(1)  (k,l;u)C(o)  (X) 


The  last  term  in  (39)  remains  finite 
when  ooo-O,  whereas  the  first  term  is 
generally  singular.  Comparing  now  v ^ 

(38)  and  ffi  <°'  (37)  and  taking  into  account 
that  CM1' (k)  can  be  proved  to  be  regular 
for  Sw->0,  we  obtain  for  the  most  singular 
term 

^1>  (k,O)/0^o)  (k,Q)~  -  i(|)^(5w)"%. 


with  i,j=l,2  which  need  not  be  singular  for 
6u+0.  Th.:  behavior  of  a(D  (k^,kj  ,wc-6w)/ 
(5u>)^  i.c  examined  next. 

3.2  Corn ergence  of  regular  perturbation 
expansion. _ 

At  this  point  we  have  to  examine  A^ 
(24)  for  different  types  of  singularities 
which  generate  the  steady  flow  component. 

Since  A<1)  is  linear  in  $r  it  is  enough  to 
consider  isolated  singularities  first.  Three 
such  types  of  singularities  are  contemplated: 
a  pressure  point  of  strength  at  the 
origin,  a  vortex  of  circulation  IV  at  depth 
h  beneath  the  unperturbed  free-surface  and  a 
horizontal  doublet  of  strength  M*  at  y=-h  too. 
Hence,  we  can  write 


p^ (x) =P_6 (x) ; 


Re{ i"0^nl (x+iy-in) (x+iy+ih) ) ; ; 

;  =  '  F  Re  (  x+iy-ih  x+iy+ih  }  (41) 


respectively. 

The  evaluation  of  ?5  for  satisfying 
(7)  and  (8)  is  a  matter  of  routine  comput¬ 
ation  of  steady  flows  •  The  final 

results  for  all  cases  are  as  follows 


❖  (k ,0)  =-  - rP.; 

r  !  k  |  -k2  (2-0  *  v 


A(1)(k,kc  ;uc)C(0)(kc  )/C(o)(k) 


Hence,  for  5w=0(l)  the  Neumann  series 
(36)  is  uniform  and  ip*.'1',  and  cons- quently 
+  is  asymptotic  to  lpr(0^  and  <pr'°), 
respectively.  If  the  perturbation  potential 
of  steady  flow  and  consequently  A(l)  is 
characterized  by  a  small  parameter  e,  it  is 
seen  from  (40)  that  the  Neumann  series  is 
not  uniform  for  e/(6w) ^=0(1)  or  5w=0(e2). 

In  this  neighbourhood  of  the  critical  freq 
uency  the  first-order  term  becomes  of  the 
same  order  of  magnitude  as  the  zero-order 
term  and  <J)_W  is  no  more  asymptotic  to 

As  a  matter  of  fact  we  are  primarily 
interested  in  the  convergence  of  (36)  in 
the  neighbourhood  of  k=kc  ,  i.e.  after 
inverting  iJr(o)  and  for  the  polar  terms, 
associated  with  kj  2*  Inspection  of  (40) 
shows  that  the  convergence  near  k_  depends 
on  the  ratio  A^  (k^,  k<;  wc  -6u>)/(,6 u)i 


(2„)H  ; k | 


—  J  k  j  h  , 
e  1  •  M .  ) 


where  the  inversion  path  has  to  circumvent 
the  poles  k=+l  from  below  to  satisfy  the 
radiation  conditions.  Substituting  §r(k-X,0) 
in  (24)  and  taking  the  limit  k=ki;k^ 

(i,j=l,2)  show  that  in  the  case  of  a  vortex 
we  have 

A (1)  (ki,kj,-uc-6-1))  = 

- - - ,  T  +  O(ouO)  (i,j  =  1,2)  (43) 

4(2 it)*  ? 


where  the  relationships  k^=  (1/4)  +  (5u>) 


-360- 


(45) 


kj  -  (l/4)-(6w)^  +  6w,  to=  (l/4)-6u(see  34) 

have  been  employed.  In  contrast,  for  a 
pressure  point  or  a  doublet  the  result  in 
(24)  is 

A(1>  (k. ,  k  ;u»  -ou>)  = 

i  J  C 


4  (2ii) 


(k^-kj)  {P^jM^'i  +  0(6to)  (i,j=l,2) 

(44) 


Hence,  the  ratio  A  (k^,k-j  ;wc-6to)/ 
/(6u)^  is  of  order  P<j>  or  Mj,  while  in  the 
case  of  a  vortex  it  is  of  order  r^/iSu)^. 
This  result  remains  the  same  in  tne  care  of 
a  pressure  patch  or  a  distribution  of 
vortices  (to  represent  a  lifting  body)  or 
doublets  (to  represent  a  closed  body) .  Then 
represents  the  total  pressure,  M*  the 
total  doublet  strength  and  F^  the  circul¬ 
ation  around  the  body. 

We  can  summarize  the  important  results 
of  this  section  as  follows:  (i)  in  the  cases 
of  an  oscillating  pressure  patch  or  a  non¬ 
lifting  closed  body  the  Neumann  series  (36) 
is  convergent  near  w=idc  ,  k=kc  .  The  amp¬ 
litude  of  the  far  free-waves  associated  with 
the  zeroorder  approximation  5r(°'is  of  order 
C (°)  (kc  )/(5w)^  whereas  Dr^',  yields  ampli¬ 
tude  of  order  c(°Mkc  )e/(6u)^  (e  stands  for 
or  Ma) .  Hence,  the  first-order  correct¬ 
ion  to  the  steady  flow  is  weak  and  the 
resonant  effect  cannot  be  removed  by  incor¬ 
porating  it  in  the  solution;  (ii)  in  the 
case  of  a  lifting  body  the  perturbation 
series  (36)  is  singular  and  the  amplitude 
of  the  resonant  far  free-waves  associated 
with  of  order  c(°)(kc  )  r./(6to). 

Hence,  for  6ea=0  ( Fc 2 )  the  first-order  term 
becomes  the  dominant  one  in  (22)  and  the 
solution  of  the  integral  equation  (22)  has 
to  account  for  this  term  from  the  outset. 

A  uniform  approximative  solution  along  this 
line  is  described  m  the  sequel. 


(k,y»I\,w)  +  ... 

V 

such  that  for  cw=0 (T ,ra) ,  m<2  J;  ... 

are  asymptotic  to  > . . . ,  respect¬ 

ively.  However,  we  require  (45)  to  be  an 
asymptotic  sequence  for  $:j=0  (r,j>m) ,  m>2  and 
k-*-kcr  as  well.  To  facilitate  the  comput¬ 
ations  we  try  a  representation  of  as 

follows 


$(o) (k,0) = 

rg 


0(O)  <k 

Alo)  (k ; to) 


(46) 


which  is  substituted  in  (22)  to  yield  the 
integral  equation  for  the  amplitude  function 
B  (°) 


B <o)  (k; F  )  + 


(1) 


( 2  n ) 


,(o) 


A'"'  (k ,X ;u)  B  (X^) 
A!o) (X ;w) 


dX  = 


=  C(0) (k) 


C(1) (k) 


(47) 


Assuming  that  Bis  regular  nearx=kc, 
(47)  is  rewritten  as  follows  by  using  the 
decomposition  of  (39) 

B"0) (k)-|  (~) ‘(6to)''  t  A(1) (k,ki;w)  . 

B(o)(k1)  +  A(1)  (k,k2;to)B(o)  (k2)l  = 


3. 3  Derivation  of  zero-order  un- .orm  sol¬ 
ution  for  a  lifting  body. 

In  the  case  of  a  lifting  body  the  reg¬ 
ular  perturbation  expansion  of  (22)  is  not 
uniform  near  resonance  and  a  solution  of  the 
integral  equation  (22)  by  other  means,  is 
required.  Although  a  complete  solution 
may  be  obtained  in  principle,  we  choose  here 
a  simple  procedure  to  derive  a  uniform  zero- 
order  approximation.  We  have  shown  pre¬ 
viously  that  the  non-uniformity  of  (22) 
stems  from  the  polar  contribution  of  ijr 
near  Xcr,  in  the  integral  term  which  becomes 
large  compared  to  the  first  term.  Hence, 
we  shall  retain  only  this  polar  contribution 
in  (22)  rather  than  the  entire  expression 
of  the  integral  term.  Towards  this  aim  we 
assume  that  can  be  expanded  in  a  gener¬ 
alized  asymptotic  sequence  of  type. 

Vr(k,y;r<f,w)=ip£j)  (k,y,-r^,to)  + 


C(0>  (k)  +  C(1)  (k) 


(2z ) 


* 


A(1) (k,X;to)B(Q) (X;F6)  dX 
Al0)(Xto) 


(48) 


The  last  two  terms  in  the  r.h.s.  of 
(48)  are  of  order  F,j  for  6w-K>.  Hence,  at 
the  order  of  the  leading  terms  we  have  for 
B  (°)  in  the  neighbourhood  of  kc  after  tak¬ 
ing  k1=k2=kc 


^  -h 

B(o) (k)-i(j)  {6m)  • 


A(1)(k,kc  ;aic  )B{0)(kc  )=C(o>(k)  (49) 


All  the  remaining  terms  in  (48) have  to  be 
collected  in  a  first-order  integral  equation 
which  is  uniform  for  <5a)->0  and  which  would 
provide  the  next  approximation  .  We  .  . 

limit,  however,  our  calculations  Here  to  B'°' 
(k)  solely.  To  determine  B 5°' (kc  )  in  (49) 
we  take  advantage  of  the  fact  that  (49)  is 


an  ide: 


in  k  and  use  it  for  k=k. 


Thus, 


with  A'±} (kc  ,kc  ;uct )  given  by  (43)  at  the 
leading  term,  we  immediately  obtain  from 
(49) 


B(0)(kc  )  = 


C(o) (kc  ) 


1  +  [if  /8(M*  ] 


and  by  returning  to  (49) 


B(o1  (k»r^,uc-3«B)  =  C (o)  (k)  + 

i(;r/2)*A(1)  (k,k  ; oj  ) C  (o>  (k  ) 
c  c _ c 

<6w)^  +  (iI^/8) 


This  completes  the  calculation  of 
vrg°^ (4^) •  It  Is  seen  that  for  6w=0(r^TO), 
m<2  the  last  term  of  (51)  is  of  order 
?  l-m/2and  b  (°)  (k)  is  indeed  asymptotic 
to  c(°Mk).  For  6u)-*0  and  k->-kc  ,  however, 
(51)  leads  to 


b<o)  (k)  =  -  i  +  0(%) 

‘  1  T-*  ^ 

S>  i  Jl 


At  the  leading  term  in  5o>,  Bv  ( can  be 
rewritten  in  the  neighborhood  of  kc  as 
follows 


B(o) (k;r^,W)  = 


+  0  (6w) 


C(o)(k) 

l+[  11^/8(60))^] 


Returning  to  the  expression  of  ^rg  ' 
(46),  and  using  (51),  we  obtain  immediately 
the  zero-order  uniform  solution  by  inverting 
(46)  and  retaining  the  contribution  of  the 
last  term  of  (51)  only  for  the  poles  k^  2 
(see  35)  ' 


<x,y;r^,o)  = 


1  <!)*  _ i _ 

2  2  (w  -(■»)*+ (ir  /8) 

c  9 


[  C(o) (k1)exp(- ik1x+|k1|y)  + 


+  C(0) (k2)exp(-ik2x+|k2|y)  + 


£1  C-  7-t  — —  exp  (-  ikx+ 1  k  |  y )  dk 

J  A10' (k;u>) 


Furthermore,  the  far  free-waves  are 
given  by 

C  ^  (k  ) 

,m)  +  -i(J)* - 5 - 1 - 

ry  T  "  (--a)*+(ir./8) 

c 

exp(~ik2x+k2y)  (x*  «)  (55) 


(x,y»r  »«)  *  -  i  (l)1*— - — - 

ry  *  2  (we-u)*+<iiy8> 

i(2ir)^C(o)  (k.) 

exp(-i  k.x+k.y)  +  - r - ' 

1  X  (l+4o>)? 


exp(-ik4x+|k4 |y) 


i  ( 2tt  )  (o)  (k3) 


(l+4w) 


exp(-i  k3x+|k3|y)  (x-»-»)  (56) 

where  the  contribution  of  the  branch  lines 
of  (54)  in  the  k  plane  vanishes  for 
|x|-*“. 

Summarizing  the  results  of  (54),  (55) 
and  (56) ,  it  is  seen  that  in  the  case  of  a 
lifting  surface  the  steady  flow  component 
has  a  profound  influence  on  the  flow  solu¬ 
tion  near  wc.  Thus,  while  in  the  usual  lin¬ 
earized  solution  the  amplitude  of  the  wave¬ 
like  terms  of  wave  number  close  to  kc  tends 
to  infinity  like  c(°)/(oc-u>)’,  in  the  uniform 
solution  (54)  it  remains  finite  and  of  order 
C(0Vr$.  Hence,  the  smallness  of  the  un¬ 
steady  perturbation  (represented  by  c(°) )  in 
comparison  with  that  of  the  steady  component, 
is  a  prerequisite  for  the  validity  of  the 


-362- 


results*  Furthermore ,  it  is  seen  in  w-»/  t 
(56)  that  at  the  limit  w=u>c  the  phase  of  the 
far-free  waves  associated  with  ki  2  is 
changed  by  it/2  as  compared  with  that  of  the 
linearized  solution  (35) . 

The  leading  term  of  the  polar  contri¬ 
butions  at  k~kc  is  of  order  C'°)/T<*‘  whereas 
at  k3f4  the  order  is  C<°).  Hence,  the  next 
order' term  is  going  to  be  of  order 

C<o)  near  kc  Ind  C 1°) near  k3,4. 

4.  REMOVAL  OF  RESONANCE  FOR  A  THREE- 

DIMENSIONAL  FLOW  PAST  A  LIFTING  SURFACE 

4.1  The  Regular  Perturbation  Expansion 

In  order  to  obtain  an  approximate  sol¬ 
ution  of  the  integral  equation  (19)  for  the 
three-dimensional  potential  function 
V_ (a . 3 ,0) ,  we  expand  the  latter  in  tne  foll¬ 
owing  asymptotic  sequence, 


vr (o,3,y) 


(a,6 ,y)  + 


where,  in  a  similar  manner  to  the  two-dim¬ 
ensional  regular  expansion  (36)  ,  and 

ijl)  denote  the  zero  and  the  first  order 
potential  functions. 

It  thus  follows  from  (19)  and  (57) 

that 


V^0) (a, 3,0)  = 


C(o) (a. 3) 

**  (O  )  M  o  \ 

a  \  u. ,  .> ;  w  / 


Ato)  (a,=,-w) 


2rAlo> (a,e;w) 


•  / 1  , 
(  (  x (1) 


(a ,  6 , 1 ,  v  ,~w)  C  (l,v) 


-co -x  A*°*  (X,v;_>) 


The  same  procedure  may  be  also  used  to 
obtain  higher  order  terms  in  the  regular 
expansion  (57).  By  examining  the  ratio 
■j(i)  ,  it  may  be  shown  by  using  the 

procedure  by  which  (33)  has  been  obtained, 
that 

(a,B,0)/^o)  (a, 6,0)  =0  Un(ow)) 


where  6u>  —  u>  as  w  approaches  uc  from 
below.  Denoting,  as  done  in  the  analogous 
two-dimensional  case,  the  small  parameter 
which  characterizes  the  steady-flow  pertur¬ 
bation  potential  by  e  ,  we  conclude  that 
for  g  in(ow)  =  0(1)  the  Neumann  series  (57) 
is  non’*uniform.  Hence  in  the  domain  of 
interest,  namely  in  the  neighbourhood  of  the 
critical  frequency,  6w-K),  the  Neumann 
regular  expansion  (57)  is  non-uniform.  It 


will  be  shown  in  the  next  section  tnat 
near  the  critical  point  A<U  (a,2,X,v;u>)  is 
O(r'A’),  where  rT  denotes  the  total  circu¬ 
lation  about  the  lifting  surface  corres¬ 
ponding  to  the  steady  potential  ?.  Hence, 
we  obtain  that  the  Neumann  series  will  di¬ 


verge  for  6u> 


!d)  and  for  this  re- 


(a  ,S  ,y)  +  •  • 


gion  a  uniform  solution  has  to  be  sought. 

4 . 2  The  Zero-Order  Uniform  Solution  for  a 

Lifting  Surface 

Ke  seek  to  obtain  a  uniform  solution 
for  a  three-dimensional  lifting  planform 
surface  which  moves  below  and  parallel  to 
an  otherwise  undisturbed  free-surface  with 
constant  angle  of  attack  and  forward  speed. 

A  small  amplitude  oscillatory  motion  is 
imposed  on  this  steady  motion,  by  varying 
periodically , for  example,  the  angle  of 
attack  about  the  steady  mean-value.  A 
genuine  feature  of  a  three-dimensional  lift¬ 
ing  surface  is  the  presence  of  a  wake 
region  even  at  steady  state.  The  require¬ 
ment  that  the  pressure  be  continuous  across 
the  wake  implies  that  only  free  vortices  may 
exist  in  the  wake,  whereas,  on  the  finite 
aspect  foil  both  free  and  bound  vortices 
must  be  present.  If  the  flow  is  unsteady 
the  presence  of  bound  vortices  in  the  wake 
must  be  also  considered.  The  strength  of 
the  unsteady  wake  vortices  vary  harmonically 
in  the  downstream  direction  in  contrast  with 
the  steady  wake  vortices  which  vary  only  in 
the  spanwise  direction. 

In  the  case  of  a  foil  of  large  aspect 
ratio  (usually  larger  than  4)  which  is 
typical  for  hydrofoils,  one  may  use  Prandtl 
lifting  line  theory  in  order  to  approximate 
the  flow  about  the  foil.  Here  the  foil  is 
represented  by  a  system  of  vortices  bound 
to  the  location  of  the  span  lines.  Two 
trailing  vortices  are  shedded  at  the  trail¬ 
ing  edge  and  they  stream  out  in  the  wake  in 
the  direction  of  the  undisturbed  free-stream 
For  a  simple  foil  the  singularities  are  dis¬ 
tributed  over  an  open  rectangular  bounded 
by  the  span  line  -s<z<s  and  lines  stretching 
off  from  each  foil  tip  parallel  to  the  free- 
stream  velocity. 

The  steady  state  potential  4>  may  be  re¬ 
cognized  as  the  potential  of  a  doublet  dis¬ 
tribution  with  axes  in  the  negative  y  dir¬ 
ection  with  strength  equal  to  r<.(z)/4~  pe 
unit  wake  area.  Here  (z)  denotes  the 
circulation  about  an  arbitrary  foil  cross- 
section  and  the  total  circulation  about  the 
,s 


foil  is  T, 


We  employ  the  Fourier  transform  of  the 
regular  part  of  the  Havelock  function  of  a 
unit  source  located  at  (f,-h,?S 

;  .  2|xp[<y-h)(A62lhl  Mp(  lo5tl8t| 
r  a  -(a  +B  )’-iap 


which  is  obtained  from  (17)  by  letting  p^=0 
and  recallina  the  well-known  transform. 


3y  Ri 


exp(-h(a2+S2) ^+ia£+i8?) 


Substituting  (66)  into  the  integral 
equation  (19)  yields,  in  an  analogous 
manner  to  (53) ,  the  following  leading  term 
in  Sw  expansion  which  is  valid  in  the 
neighbourhood  of  the  critical  point. 


R1  =  l (x-£)2+ (y-h) 2+ (z-^) 2 ] ^  <62) 

Hence,  the  Fourier  transform  of  the  Havelock 
function  of  a  single  doublet  of  strength 
r0U)/4n  located  at  (5/-h,C)^  and  directed 
in  the  negative  y  direction  is 


r»(c)  (a2+B2)\ 

2:1  *  a2-  (a2+e2)*-ictp 


exp l (y-h) (a2+B2) ^+105+16?] 


B(o)  (a,8*,r|)  =  •  —  -(a-tB) -  (68] 

l»  5“ 

_i /r?) 

It  is  thus  found  that  for  5u  =  0(e 

E(o)  is  asymptotic  to  C^,  whereas  for 

6u-K) 

In)  T  Ct0)  (Cln'  ) 

B  (o)(a  ,6  :VT)  =  116/2---—- S - £— 

C  c  ^  rTln 


To  obtain  the  regular  part  of  the  total 
steady  potential  4>r,  equation  (63)  is  inte¬ 
grated  over  the  region  occupied  by  the  foil 
and  the  wake,  which  yields 


$r(c(,e)  =  4>rU,Od(;d?= 


i  „  (a2+B2)^exp(  (v-h)  (ct^+B'*)5]  L  _ 

“  - 5 - 5 — - MA(?)cOS(g;} 

"  al^-laSB^-i^)  >0  *  d? 


2^2^, 


a(a  -(a  +B  j’-iay) 


In  deriving  (64)  the  Fourier  transform  of 
the  Heaviside  function,  namely 
1° 

exp(+i«5)d?  =  -  i/a  (65) 

*-oe 

has  been  also  used. 

Substituting  (64)  in  (21)  and  letting 
p^  =0,  yields  for  the  resonant  conditions, 

A(1)(ac  ,ec  ,XC  ,vc  ,!0C  >~rj/(8i) 

where  a-  =XC  =uc  =1/4  and  Bc  =vc  =0.  Thus 
A(l)=0(rjj  ana,  as  discussed  in  the  previous 
section  ,the  regular  expansion  (57)  breaks 

down  for  6u)  =  0(e  while  both 

and  0 are  singular  at  resonant  frequency. 

in  order  to  obtain  a  uniform  asympto¬ 
tic  solution  which  remains  finite  as  owt-O, 
we  postulate,  like  in  the  two-dimensional 
case  (Eq.  (45),  the  following  expression 

-(o)  T  B(o)(a,6,Tj) 

<l»‘„  (a,S,0»r;,w)  =  1  (66) 

r9  $  A(o)(a,8;o>) 

where  denote  the  zeroth-order  term  in 

the  generalized  asymptotic  sequence 

'i'  («,8,y!l^,w}  =  (a,B,y;rd,w)  + 


+  (a,B,y;r|,w)  +  ... 


Substituting  (63),  (14)  and  (20)  into 
(66)  yields  after  inversion  similar  to  (54) 


^  (x,y,z;r$,w)  =  - 


f  de 


>  (l-4wcos9)‘ 

6cr 


{0lc(O) (pl'6) 


exp[  p^fy-ixcosS) Jcostp^zsinB) }+ 
+  p2C(o) (p?,e)exp(p2 (y-ixcosc) ) 


cos (p2zsir5) )+i  de  | 


t  b  oa“ 


exPlP(y-ixcos9) )cos(pzsin6) 


For  6uj+0  equation  (70)  yields  to  the 
leadino  order  near  p  (see  (32)) 

(2)* 

i  in5« 

4 


r;in5w 

V 


G(o} (Pcr»0)exp[~(y-ix) ]  (71) 

Hence,  the  singularity  of  $1°^  at  w=u  which 
is  present  in  the  regular  asymptotic  solution, 
is  eliminated  in  the  zero-order  uniform  solu¬ 
tion  where  oiS'is  finite  at  the  critical 
point  and  of  order  The  next  order 

term  in  the  generalized  expansion  is 

0  (c (°' )  and  hence  it  can  be  shown  that  the 
generalized  asymptotic  sequence  (67)  is  uni¬ 
formly  convergent. 
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5.  ILLUSTRATION  OF  RESULTS:  LIFT  AND  DRAG 

OF  AN  OSCILLATING  VORTEX  LINE 

The  preceding  developments  permit  one  to 
calculate  the  velocity  potential  of  flow 
past  an  oscillating  hydrofoil.  Towards  this 
aim  one  has  to  determine  first  ips,  the  sin¬ 
gular  potential  for  flow  in  an  infinite 
domain  supplemented  by  the  appropriate  image 
across  the  pressure-relief  free-surface  y=0, 
and  then  to  calculate  the  FT  of  $s  y  for 
(y=0) .  This  determines  C'°)  by  Eq.  (14), 
which  has  to  be  substituted  in  (54)  and 
(70)  in  the  two  and  three-^mensional  cases, 
respectively.  Then  the  lif_,  drag  and  power 
can  be  found  by  standard  procedures. 

To  grasp  the  results  we  will  limit  the 
computations  to  the  schematical  case  of  a 
concentrated  vortex  (2D)  and  a  lifting  line 
(3D). 

Starting  with  the  two-dimensional 
case,  a  fixed  vortex  located  at  x=0,  y=-h 
and  of  steady  circulation  r..  and  oscillat¬ 
ing  circulation  IVjCosut  is  considered  first. 
For  the  sake  of  simplicity  we  consider 
sufficiently  low  frequencies  to  warrant  ne- 
giection  of  the  variation  of  the  shed  vor- 
ticity  in  the  wake  (it  can  be  shown  that 
this  is  the  case  for  w'wc  and  'hord  Froucte 
number  around  3  or  larger).  We  have  then 


U’s(x,y)  =  Re( 


In  (z2+h2)] 


and  by  (14) 


(c)  3 v  (x,0) 

Cl  ;  (k)  - - § - 


(2-)!5 


Limiting  the  computations  only  to  the 
DC  terms,  i.e.,  to  the  drag  and  lift 
averaged  over  a  period  2~/u,  we  generally 
have  by  using  Blasius  theorem 


°DC  ~  2  ! uRe 


(0,-n) 


3o  (0,-h) 

LDC  =_  2  >Re  3x  (74 

Kith  4'  =  0<o)  (54)  and  after  a  few 

algebraic  mafiipula?ions  we  arrive  at  the 
final  expressions 

2  1 

n  /i  =_  i  c _ 

DC'  1 0  8  ,  ,2,,, 

u  ~u  +  i ./64 

C  V 

(k-)exp(-2k1h)+k2exp(-2k2h)  ]  + 


4 (l+4m) 
-2lk,jh)  ] 


T “I  I  h-j  I  exp  (-2k,h)-|k  .  |  exp (- 


L  /r2  =_  1_ 

DC' ip  16  .  „2.,. 

u  -u:  +  r  /64 

c  ? 


lkj,exp(-2k1h)+k2exp(-2k2h)  ]  + 


+  (k3exp(-2k3h)Ei(2k3h) 

3  4 


k  exp(-2k  h)Ei(2k  h)  j  -  F  -_-r- 

1  2 


(  -  k^exp (-2k jh) Ei(2k.h) +k2exp (  - 

-  2k2h)Ei (2k2h) )}  (76) 

In  (75),  (76)  kj,  k2 ,  k3  and  kq  are 
functions  of  u.  (34)  and  all  terms  related 
to  ki,k-2  have  to  be  deleted  for  t>wc. 

If  7 £,=0,(75)  and  (76)  represent  the  re¬ 
sults  based  on  the  usual  linearized  theory. 

In  the  neighbourhood  of  uc  the  drag 
(75)  reaches  a  maximum  at  o=  (ia/8)* 


I D  /r2  i  £  A  — 

UL)CMAX/  ip  ‘  4  - 


+  0.2S  e 


-2.91h 


and  then  drops  quickly  to  the  value  of  the 
last  term  of  (77). 

The  lift,  which  Is  negative, reaches 
its  extremal  value  at  u)=uc-C  and  the  con¬ 
tribution  of  the  leading  term  is  then 

-2  _  2e~^ 2 

LDCHAX/i  •;  =  T~  (78) 

o 

At  w  =u‘c+0  L^  jumps  to  the  value  of  the 
usual  linearized  solution,  i.e.,  the  term 
related  to  kj  and  k4  in  (76). 

To  illustrate  the  results  we  have  re¬ 
presented  and  L  „  as  function  of  u>  for 
Ti  =0.1  ana"h=0. 1  ULin  Fig.  2. 

The  three-dimensional  case  to  be  con¬ 
sidered  next  is  that  of  a  lifting  line  with 
time  varying  vorticity  r.;,  ( z )  cosut  distri¬ 
buted  along  the  spanjz|<s.  Again  we  assume 
that  the  frequency  is  low  enough  to  warrant 
the  neglection  of  shed  vorticity  variation 
in  the  wake.  Thus,  the  case  is  similar  to 
the  steady  one  and  in  order  to  obtain 
c(°’  (p,9)  we  recall  the  expression  for  is 
corresponding  to  a  single  doublet  of 
strength  r,.,(z)/4z  directed  in  the  negative 
y  axis  lying  at  (£,-h,0* 

T.JO 

Ps(x,y,z,C,-h,5)  =  . 

t _ _  * 


[ (x-5 )  +  (y+h)  +(z -?)]' 


( (x-C)2+(y-h)2+(z-?)2)3/2 
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Hence  by  (14),  (62)  and  (6  5)  we  obtain 
C(o)  (p,o)  =-  jdC 


-S  _a 

s 


1  y=0 


-  —  sec9  e  IdCT  U)cos(p5sin3) 

0  ”  (80) 


Substituting  (80)  in  (70)  yields 


LDC 


11  (1"  3#  T1  ln5w) 


d8 


i/l-4wcos6 

®cr 


-Ip2  e"2<»lhfjdcrt(5j. 
0 


2  2  -2 "oh 

cos (p^csin©))  +?2  e 


(x,y,z,rf;<o) 

tg  v 


(|d;r,li(C)cos  (p2j_sin6)  )2) 


i/2  -T,  ,  , 
^_32n  "f  ln0“* 


,a  p,  p.  (y-hJ-ixc.cosO 

-1 — 1  A 


/I^SbTe  cosb 


cos(p.zsin6)  idcr.,  (S)cos  (p.CsinS)  + 
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For  the  hydrofoil  problem,  in  a  similar 
manner  to  the  two-dimensional  vortex,  we 
present  only  the  DC  terms  of  the  lift  and 
drag,  namely 
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where  it  is  understood  that  only  the  real 
part  of  <ji(°)  need  to  be  considered.  Sub¬ 
stitution  o?  (81)  yields 


In  order  to  analyse  the  increment  at 
leading  order  in  the  lift  and  drag  due  to 
the  DC  terms  in  the  neighbourhood  of  the 
resonance  frequency,  it  is  permissible  to 
set  9=0C  =0  and  Pi=P2=cc  =l/4  in  the  single 
integrals  (84)  and  (85)  and  to  retain  the 
term  in  Int5s4  to  obtain  by  using  (32) 
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Again,  the  drag  reaches  its  maximum 
very  close  to  ioc  at  u-  -  =exp(-16-/2/r* ) 

and  its  value  is,  at  leading  term 
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whereas  for  the  lift  we  have  at 
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These  results  are  also  represented  in 
Figs.  3(a)  and  3(b),  and  are  compared  against 
the  linearized  solution  only  for  the  drag. 

The  increment  in  the  lift  force  given  by  the 
linearized  theory  is  identical  zero.  Compar¬ 
ing  the  three-dimensional  results  for  a  lift- 
ina  surface  (Fig. (3))  with  the  two-diraension- 
al'equivalent  (Fig. (2)),  shows  that  the  peak 
in  the  generalized  solution  for  the  lift  and 
^orce  as  well  as  the  singularity  in  the  regu¬ 
lar  (linearized)  solution  is  much  more  local¬ 
ized  in  the  3-D  case  and  resemble  the  be¬ 
haviour  of  a  delta  function.  Hence  most  of 
the  numerical  solutions,  which  were  pre¬ 
formed  for  frequencies  in  the  neighbourhood 
of  u>c,  do  not  predict  the  occurrence  of 
this  concentrated  singularity  with  the  ex¬ 
ception  of  { 7 ) . 


6.  SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS 
FOR  FUTURE  INVESTIGATIONS 

The  flow  near  rescnar.t  frequency  past 
a  singularities  system  has  been  examined 
for  the  case  in  which  the  time-dependent 
term  is  a  small  perturbation  of  the  steady, 
non-uniform,  flow  term  which  in  turn  is  a 
small  disturbance  of  the  uniform  flow. 

It  has  been  found  that  in  the  case  of 
a  lifting  surface  the  regular  perturbation 
expansion,  whose  leading  term  is  the  usual 
linearized  approximation  for  uniform  flow, 
is  not  uniform  near  resonance  and  the  steady 
flow  term  has  io  be  retained  in  the  zero- 
order  approximation.  A  closer  scrutiny  of 


(21)  and  (24)  reveals  that  as  a  matter  of 
fact  only  part  of  the  steady  flow  terms  has 
to  be  kept  in  (13)  and  the  basic  free-sur- 
face  condition  which  renders  a  uniformly  va¬ 
lid  solution  is 


{ -o2+2 iw(-l+u )  §~  +  (l-2u )  -S’ 
3*  3x2 


+  §p-JOr=  co<x,z)  (for  y=0)  (90) 

replacing  (11)  where  u=3t/3x  is  the  horizon¬ 
tal  component  of  the  steady  velocity  on  y=o. 
Eq. (go)  may  be  in  turn  traced  back  to 
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It  is  seen,  therefore,  that  essentially 
it  is  the  non-uniform  horizontal  current  of 
velocity  -1+u  which  modulates  the  resonant 
waves.  Further  inspection  of  the  results 
shows  that  at  first-order  only  u so, the 

velocity  induced  by  the  vortex  and  its  image 
across  y=o  corresponding  to  zero  Froude-num- 
ber,  it  contributing  at  the  leading  term  in 
(90).  Thus,  the  far  free-waves  associated 
with  the  solution  of  (90)  should  be  viewed 
as  waves  modulated  by  the  uniform  flow  plus 
the  current  associated  with  the  steady  per¬ 
turbation  horizontal  velocity  uso.  Finally, 
the  solution  by  the  Fourier  Transform  method 
developed  in  Sects.  3.3  and  4.2  indicates 
that  the  current  is  sufficiently  strong  to 

remove  the  resonance  if  lim  u„  (k)#  0  in  two 

k-*o  sc 

dimensions  or  if  lim  u  (a,o)#0  in  three  di¬ 
mensions.  a’*°  50 

Hence,  the  current  removes  the  reson¬ 
ant  conditions  if 
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in  two-  and  three-  dimensions,  respectively. 
Since  a  lifting  surface,  in  contrast  with  a 
pressure  patch  or  a  non  lifting  body,  leads 
to  a  constant  value  of  the  integrals  in  (92) , 
it  was  possible  to  determine  the  finite  amp¬ 
litude  of  the  free  waves  at  u=w„  in  this 
case. 

In  other  words,  since  the  resonance  in 
the  usual  linearized  approximation  is  inter¬ 
preted  as  the  result  of  the  inability  of  free 
-waves  to  propagate  their  energy  away  from 
the  singularity  because  of  the  equality  bet¬ 
ween  the  group  velocity  and  the  current  ve¬ 
locity,  it  is  seen  that  the  removal  of  reso- 


nance  by  a  steady  current  satisfying  (92 ) 
can  be  as  well  interpreted  as  the  ability  of 
such  a  current  to  let  wave  energy  es¬ 
cape  to  infinity. 

Another  point  of  interest  is  the  chan¬ 
ge  of  phase  related  to  the  non-uniform  cur¬ 
rent,  which  results  in  a  cancellation  of  the 
resonant  drag  and  a  substantial  change  cf 
the  time  averaged  lift  in  comparison  with 
the  linearised  solution. 

We  pursue  at  present  the  removal  of 
resonance  for  non-lifting  bodies  by  incor¬ 
porating  higher  order  effects  of  the  steady 
component.  Another  topic  of  theoretical  in¬ 
terest  is  the  nonlinear  interaction  of  the 
time-depending  terms  and  the  solution  of  the 
initiaj.  value  problem.  We  hope  that  these 
and  related  problems  can  be  attacked  along 
the  lines  of  the  present  study. 
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FIG.  3(a)  VARIATION'  OF  THE  D.C  INCREMENT  COMPONENT  OF  THE  LIFT 
EXPERIENCED  BY  A  3D  LIFTING  LINE  IN  THE  NEIGHBORHOOD 
OF  THE  CRITICAL  FREQUENCY, . OR  • .  =  0.1,  iV  “  0-1  (EQ.(86)) 


FIG.  3(b)  VARIATION  OF  THE  D.G  INCREMENT  COMPONENT 
OF  THF.  DRAG  EXPERIENCED  BY  A  3D  LIFTING 
LINE  IN  THE  NEIGHBORHOOD  OF  THE  CRITICAL 
FREQUENCY  FOR  h«Q.l.  r.T 
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Discussion 


H.  Maruo  (Y^  ionama  N  tjnnr) 

The  resonance  phenomena  associated 
with  an  oscillating  body  with  forward  speed 
under  a  free  surface  at  critical  frequency 
were  first  pointed  out  by  Yamamoto  (1946) 
in  two-  and  three-dimensional  cases  of 
submerged  bodies.  Hanaoka  (1951-1957) 
carried  out  extensive  investigations  in 
the  case  of  thin  ships  in  various  modes  of 
oscillations.  He  has  attributed  the  diver¬ 
gence  of  the  integral  in  the  expression  of 
hydrodynamic  rorces  at  the  critical  frequen¬ 
cy  t  =  1/4  to  a  phenomenon  analogous  to  one 
that  occurs  in  the  linearized  theory  of  a 
thin  wing  in  a  compressible  flow  at  Mach 
number  one,  and  he  considered  this  singu¬ 
larity  to  be  removed  in  the  actual  phenomena 
on  account  of  the  non-linear  effect  which 
would  possibly  suppress  the  infinite  heave 
of  the  free  surface.  These  works  are  not 
quoted  in  this  paper. 

In  the  present  paper,  the  authors 
have  shown  that  the  singularity  is  removed 
by  the  presence  of  the  steady  potential  due 
to  the  forward  motion.  This  result  is  very 
interesting  because  the  effect  of  the  steady 
potential  to  the  periodical  potential  is 
not  a  genuine  non-linear  effect,  it  is 
usually  accepted  that  the  hydrodynamic 
damping  force  is  determined  by  the  asymp¬ 
totic  behavior  of  radiating  waves  at  a 
great  distance.  The  steady  potential,  on 
the  other  hand,  decays  rather  rapidly 
except  in  the  region  inside  the  Kelvin 
angle.  Since  the  outbreak  of  the  singu¬ 
larity  in  the  damping  force  is  usually 
attributed  to  the  singular  behavior  of  the 


radiating  waves  towards  upstream  side,  I 
have  a  rather  curious  feeling  about  the 
fact  that  the  steady  potential  gives  such 
a  drastic  influence  to  the  radiating  waves. 
The  asymptotic  wave  pattern  was  illustrated 
by  several  authors  including  Hanaoka.  It 
would  be  instructive  if  the  distortion  of 
the  radiating  waves  due  to  the  presence  of 
the  steady  potential  were  demonstrated. 


Author’s  Reply 


G,  Dagar,  and  T.  Miioh  Un,-i 


We  regret  that  we  were  not  aware  of  the 
works  of  Yamamoto  and  Hanaoka  when  reviewing 
the  linearized  theory  and  we  are  thankful  to 
Prof.  Maruo  for  drawing  our  attention  to 
them. 

Herewith  a  few  comments  on  Prof. 

Maruo' s  observations. 

(i)  We  have  shown  that  resonance  is 
removed  by  the  singular  (local)  term  of  the 
nonuniform  steady  potential.  The  latter  is 
not  confined  into  the  downstream  Kelvin 
angle,  but  influences  equally  the  downstream 
and  upstream  flow  regions. 

(ii)  Prof.  Maruo  quite  rightly  wonders 
about  the  drastic  influence  of  the  steady 
potential  upon  resonance.  We  would  like  to 
emphasize  that  only  in  the  case  of  a  lifting 
surface,  with  its  long  range  influence 
expressed  by  Eq. (92)  of  our  paper,  the 
resonance  is  removed  by  the  first-order  cor¬ 
rection  of  the  steady  flow. 
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ABSTRACT 

A  linear  theory  is  presented  for  the 
heave  and  pitch  motions  of  a  slender  ship, 
moving  with  forward  velocity  in  calm  water. 
The  velocity  potential  includes  a  particu¬ 
lar  solution  similar  to  that  of  the  high- 
frequency  strip  theory,  plus  a  homogeneous 
component  which  accounts  for  interactions 
along  the  length  in  an  analogous  manner  to 
the  low-frequency  "ordinary"  slender-body 
theory.  The  resulting  "unified"  theory  is 
valid  more  generally  for  all  frequencies  of 
practical  importance. 

Computations  are  presented  for  the 
added-mass  and  damping  coefficient?  of  a 
floating  spheroid,  a  Series  60  hull,  and 
a  frigate.  Comparisons  with  experimental 
data  and  with  zero-speed  exact  theories 
confirm  the  utility  of  the  unified  theory. 

This  theory  can  be  used  to  analyse 
the  performance  of  elongated  wave-energy 
absorbers.  This  application  is  illustrated 
for  a  hinged  "Cockerell"  raft. 


Conventional  ship  hulls  are  slender  in 
the  geometrical  sense,  with  small  beam  and 
draft  compared  to  their  length.  This  is 
convenient  from  the  standpoint  of  hydrody¬ 
namic  analysis,  since  slender-body  approxi¬ 
mations  simplify  the  governing  equation  and 
boundary  conditions. 

Geometrical  slenderness  is  sufficient 
to  justify  the  class? cal  slender-body  theory 
of  incompressible  aerodynamics,  but  in  ship 
hydrodynamics  the  wavelength  represents  an 


additional  relevant  length  scale  which  must 
be  considered  in  developing  asymptotic 
theories  of  practical  utility.  This 
complication  in  slender-ship  theory  applies 
not  only  to  unsteady  motions  in  waves,  but 
also  to  the  analysis  of  steady-state  wave 
resistance.  The  present  paper  is  concerned 
only  with  the  former  problem,  and  is 
restricted  to  the  solution  of  the  radiation 
problem  for  forced  heave  aid  pitch  motions 
in  otherwise  calm  water.  Work  currently  in 
progress  by  Sclavounos  (1980)  will  extend 
this  theory  to  the  diffraction  problem  of 
incident  waves,  including  the  determination 
of  the  exciting  forces  and  moments. 

Substantial  wave  excitation  in  heave 
or  pitch  requires  an  incident  wavelength 
greater  than  the  ship  length,  typically  by 
a  factor  of  1.5  or  more.  Cais  implies  a 
regime  where,  based  on  the  beam  and  draft, 
a  long-wavelength  or  low-freauency  approxi¬ 
mation  is  appropriate.  Hydrostatic  res¬ 
toring  forces  and  the  Froude-Krylov  exciting 
force’  are  dominant,  and  the  resulting  theo¬ 
retical  description  of  ship  motions  is  rela¬ 
tively  simple.  This  is  the  leading-order 
result  of  "ordinary"  slender-body  theory. 

For  a  ship  proceeding  with  significant 
forward  speed,  the  Doppler  effect  increases 
the  frequency  of  encounter  and  shortens  the 
radiated  wavelength.  Resonance  occurs  when 
this  wavelength  is  comparable  to  the  beam 
and  draft,  and  therefore  much  less  than 
the  ship  length.  This  is  the  applicable 
regime  of  strip  theory,  where  three- 
dimensional  interactions  in  the  longitu¬ 
dinal  direction  are  negligible. 
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The  practical  domain  of  ship  motions 
in  waves  obviously  embraces  both  of  the 
above  regimes,  in  the  sense  that  the  fre¬ 
quency  of  encounter  may  be  low,  especially 
for  following  seas,  or  high  as  in  the  case 
of  a  fast  vessel  in  head  seas.  In  the 
context  of  slender-body  theory,  it  is 
desirable  therefore  to  avoid  restrictive 
assumptions  concerning  the  wavelength  or 
the  frequency  of  encounter.  That  objective 
has  led  to  the  development  of  a  "unified" 
slender  body  theory  which  embraces  bov.. 
long  and  short  wavelengths  in  the  sense 
defined  above. 

The  theoretical  framework  for  the 
unified  theory  of  ship  motions  is  developed 
in  Newman  (1978)  and  in  more  detail,  for 
the  special  case  of  zero  forward  velocity, 
by  Mays  (1978) .  The  latter  work  includes 
computations  of  the  damping  and  added-mass 
coefficients  for  a  floating  spheroid,  and 
the  remarkable  agreement  of  the.  latter  with 
exact  three-dimensional  computations  was  an 
important  motivation  for  extending  the 
computations  to  ship-like  forms,  and  to 
non-zero  forward  velocity.  The  present 
paper  is  intended  o  report  on  these 
efforts . 

A  brief  review  is  given  of  the  theo¬ 
retical  framework  for  the  unified  theory, 
in  Section  2,  and  supplemented  in  Section 
3  by  the  derivation  of  a  simplified  expres¬ 
sion  for  the  kernel  function  which  governs 
longitudinal  interactions  along  the  ship's 
length.  Numerical  results  for  the  added- 
mass  and  damping  coefficients  are  presented 
in  Section  4,  to  illustrate  the  practical 
utility  of  this  theory  in  predictions  of 
ship  motions  ir.  waves.  The  unified  theory 
also  has  been  used  to  analyse  the  wave- 
energy  absorption  of  elongated  devices  such 
as  the  Cockerell  raft  and  Kaimei  ship,  and 
the  results  are  described  briefly  in  Section 
5. 

Before  proceeding  with  the  mathematical 
details  of  the  unified  theory,  it  may  be 
useful  to  present  a  brief  description  which 
avoids  so  far  as  possible  the  use  of  mathe¬ 
matical  arguments.  The  fundamental  assump¬ 
tions  are  that  (1)  the  fluid  motion  is 
irrotational  and  incompressible,  (2)  the 
oscillatory  motions  of  the  ship  and  of  the 
fluid  are  sufficiently  small  to  lineariz  , 
and  (3)  the  ship  hull  is  geometrically 
slender. 

For  heave  and  pitch  motions  and,  more 
generally,  situations  where  the  distribu¬ 
tion  of  normal  velocity  on  the  hull  surface 
is  a  slowly-varying  function  along  the 
length,  the  flow  is  essentially  two-dimen¬ 
sional  in  the  near-field  close  to  the  hull. 
Changes  in  the  x-direction  are  relatively 
small  in  this  region,  by  comparison  to 
changes  in  the  transverse  plane.  Thus  the 
flow  in  the  near  field  is  governed  by  the 
two-dimensional  Laplace  equation,  and  sub¬ 
ject  to  the  simplest  linearized  free-sur- 
face  boundary  condition  which  applies  in 
two  dimensions  and  is  independent  of  for¬ 
ward  velocity.  These  characteristics  of 


the  inner  problem,  a’  .  -ts  solution,  are 
similar  to  strip  theory. 

The  outer  problem  which  applies  far 
from  the  hull  surface  is  fully  three-dimen¬ 
sional,  with  gradients  in  the  longitudinal 
direction  comparable  to  those  in  the  trans¬ 
verse  plane.  The  three-dimensional  Laplace 
equation  governs  the  solution,  subject  to 
the  complete  linearized  ftee-surface  bound¬ 
ary  condition  (where  the  forward  speed  is 
a  significant  parameter)  and  the  radiation 
condition  of  outgoing  waves  at  infinity. 

Neither  the  inner  nor  the  outer  problem 
is  unique,  as  described  above,  since  nothing 
has  been  stated  about  their  respective 
asymptotic  behavior  far  away  in  the  inner 
problem,  and  close  to  the  ship  in  the  outer 
problem.  Following  the  method  of  matched 
asymptotic  expansions,  this  nonuniaueness 
is  resolved  by  requiring  the  two  solutions 
to  be  compatible  in  a  suitably  defined 
overlap  region. 

In  the  special  case  of  ordinary  slender- 
body  theory,  the  frequency  is  asymptotically 
small  in  the  inner  solution,  and  the  "rigid" 
free-surface  condition  applies.  For  ver¬ 
tical  motions  of  the  ship's  section  there 
is  a  net  source  strength,  and  thus  the 
inner  solution  is  logarithmically  singular 
at  "infinity",  in  the  overlap  domain.  As 
in  the  classical  slender-body  theory  of 
aerodynamics,  this  determines  the  effective 
source  strength  of  the  outer  solution. 
Conversely,  the  inner  limit  of  the  outer 
solution  determines  a  nontrivial  additive 
"constant"  in  the  inner  solution,  which  is 
a  function  of  the  longitudinal  coordinate. 

By  comparison,  in  the  high-frequency 
domain  of  strip  theory,  waves  are  present 
in  the  inner  problem  via  the  free-surface 
condition.  Their  outgoing  radiated  behavior 
at  "infinity"  can  be  matched  directly  to 
the  inner  limit  of  an  appropriate  three- 
dimensional  source  distribution,  along  the 
ship's  axis.  The  inner  free-surface  condi¬ 
tion  does  not  admit  an  additive  constant, 
and  hence  the  inner  solution  is  not  affected 
by  the  matching  process,  justifying  the 
sti ip-theory  solution  itself. 

Proceeding  without  restriction 
of  the  frequency  requires  that  the 
inner  free-surface  condition  is 
preserved,  as  in  the  high-frecuencv 
case.  However,  the  corresponding 
strip-theory  solution  with  outgoing 
waves  at  "infinity"  is  not  sufficiently 
general  to  match  with  the  outer  solu¬ 
tion.  Therefore  a  homogeneous  solution 
is  included  in  the  inner  problem,  with 
standing  waves  at  "infinity";  the 
coefficient  of  this  homogeneous  solu¬ 
tion  is  determined  from  an  integral 
equation  similar  to  that  which  determines 
the  additive  constant  in  ordinary  slender- 
body  theory. 

In  summary,  the  unified  solution 
is  an  extension  of  the  ordinal y  slen- 
der-bod\  theory  and  strip  theory 
which  applv  respectively  in  the  lov- 
and  high-frecuencv  limits.  The  inner  solu- 
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The  potentials  in  (8)  also  satisfy  the 
extraneous  two-dimensional  radiation  condi¬ 
tion.  Thus  we  add  to  (8)  a  homogeneous 
solution  of  (6),  (7),  and  of  the  boundary 
condition  on  the  hull.  This  homogeneous 
solution  can  be  obtained  simply  in  the 
form  (?3  +  $3)  where  the  overbar  denotes 
the  conjugate  of  the  complex  potential  $3. 
This  homogeneous  solution  behaves  like  a 
two-dimensional  standing  wave  at  large 
distance  from  the  hull,  and  can  be  regarded 
physically  as  the  superposition  of  two 
diffraction  solutions  with  symmetric  inci¬ 
dent  waves  acting  upon  the  fixed  hull 
profile. 

In  summary,  the  general  solution  of 
the  inner  problem  takes  the  form 

(f>  ■  =  <f3(S)  +  CjU)  (i3  +  ?3)  (13) 

where  the  interaction  function  Cj (x)  is 
an  arbitrary  "constant"  in  the  inner  solu¬ 
tion  to  be  determined  from  matching. 

The  outer  solution  follows  by  con¬ 
sidering  the  complete  Laplace  equation  (1) 
and  free-surface  condition  (2) ,  but  ignoring 
the  hull  boundary  conditions.  Assuming 
symmetry  about  the  plane  y=0,  an  appro¬ 
priate  solution  follows  from  a  j.ongitud.i  ”al 
distribution  of  sources  along  the  ship's 
length, 

<f  j  =  j  q^U)  G(x-t,  y,  z)d? .  (14) 

Here  qj (x)  is  the  source  strength,  and  G 
denotes  the  potential  of  a  "translating- 
pulsating"  source  situated  on  the  x-axis 
at  the  point  x  =  5.  This  potential  is 
expressed  generally  in  the  form  of  a  double 
Fourier  integral  over  the  free  surface.  Of 
particular  utility  in  our  analysis  is  the 
Fourier  transform  of  G,  with  respect  to 
x,  which  can  be  expressed  as 

G  (y,  z;  k)  1  j  G(x,  y,  z)  e  dx 


.2,1/2 


_  1  j  exp  [z  (k  +  + 

“  4l  j  du  — 7"2  7  '2;  172 - 

‘  (k  +  u  )  '  —  K 


iyu) 


(15) 

★ 

where 

<  =  (  u>  +  Uk}2/g.  (16) 


When  |k|  <  k,  there  are  two  symmetric  real 
poles  in  (15) ,  and  the  appropriate  contour 
of  integration  is  deformed  in  th»ir  vicin¬ 
ity  such  that  Im[u2(w  +  Uk)]  >  0. 

In  order  to  match  the  inner  approxi¬ 
mation  of  (14)  in  the  overlap  region,  an 
asymptotic  approximation  of  (15)  is  re¬ 
quired  for  small  values  of  (ky,  kz).  The 
desired  result  can  be  expressed  in  the 


G* (y,z;k)  =  G2d  -  wL  (]+  Kz)f* (k) ,  (17) 

where  G,D  2  G*  (y,z;0)  is  the  two-dimen¬ 
sional  source  potential,  which  satifies  (6) 
and  (7) ,  and 


f*  =  in  (2K/|kj)  +  ri  -co?  2K/T/'jr!L  - 

(kzA  -D  7 


<k2A2  >  1), 


(18) 


=  £n  (2K/  |kj )  +  -  i-  ^l^/!k 

(1  -  kvo  ' 


(k2A2  <  1),  (19) 


2 

where  K  =  w  /g. 

It  remains  to  match  the  inner  and  outer 
solutions  (13)  and  (14).  This  may  be  carried 
out  in  the  Fourier  domain,  using  the  con¬ 
volution  ther  *em  to  transform  (14)  ,  and  the 
appropriate  ..-.atching  condition  takes  the 
form 


+  [Cj(X>  U3  +  ^3n*“  qj*G*‘ 


(20) 


Far  from  the  hull  in  the  inner  domain,  the 
two-dimensional  potentials  on  the  left  side 
of  (20)  can  be  expressed  in  terms  of  the 
effective  source  strengths,  in  the  form 


*3 


0  . 

3 


2D 


(21) 


*j  =  °j  G2D 

Using  (8),  (17),  and  the  fact  that  T..i  (G 
|  eKzcos  Ky,  and  o'-.ating  separately  the 
factors  of  Gj^  in  i20) ,  it  tollows  that 


(22) 


2D 


)  = 


a.*  +  U  o  "  h  [C. 
3  3  3 


°  j 


_  * 

+  o.)] 

3 


(23) 


and 


-MCjOj)* 


(24) 


The  errgr  in  tho  last  equation  is  a  ractor 
1  +  0(KA2) . 


‘Equation  (16'  corrects  a  sign  error  in 
equation  (4.9),  and  in  the  denominators  of 
(4,6)  and  (4.8)  of  Newman  (1978). 
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3.  REDUCTION  OF  THE  KERNEL 


The  inverse  Fourier  transforms  of  the 
last  equations  provide  the  relations 


a  .  +  Uo  . 
3  3 


C .  {a  . 
3  3 


^ 


2ni 


r 

3 


f  (K- c >  d£. 


where 


f  (x) 


=  y~  I  dk 

2"  j 


-ikx 

e 


f  00  . 


(25) 

(26) 


(27) 


After  elimination  of  Cj  from  (25)  and  (26) , 
the  outer  source  strength  is  determined 
from  the  integral  equation 


(x) 


1 

2vi 


(V°3+1) 


f(x-S)  d£ 


hie  kernel  (27)  in  the  integral  equa¬ 
tion  (285  is  defined  by  the^inverse  Fourier 
transform  of  the  function  f  given  by  (18) 
and  (19).  This  kernel  can  be  interpreted 
as  the  value  of  the  source  potential  on  the 
x-axis,  after  subtraction  of  the  two-dimen¬ 
sional  oscillatory  source  potential  G 2d- 
Singularities  can  be  expected,  especially 
at  x=0,  and  a  careful  analysis  is  required. 

The  singular  behavior  at  x=0  can  be 
mitigated  by  considering  the  integral  of 
f(x),  or  the  inverse  transform  of  f*/(-ik). 

If  this  modification  is  offset  by  multiplying 
the  transformed  source  strength  gj  by  (-ik), 
in  (24),  (29)  is  replaced  by 

G  =  (s)  +  (2nio.)_1  U  .+?.)  !  (f))F(x-f.)  6£. 

1 3  '  3  3  3  j  /  3 


(30) 


=  c  .  (x)  +  Ua  .  (x)  . 

3  J 


Here  a . '  denotes  the  derivative  of  the 
source' strength,  and  the  new  kernel  is 


Assuming  a  numerical  solution  fcr  the 
two-dimensional  potentials  in  (8) ,  and  the 
corresponding  source-strengths  o,  the 
integral  equation  (28)  may  be  solved  for 
the  unknown  outer  source  strength  (x) . 

The  complete  inner  solution  follows J from 
(13)  and  (23),  in  the  form 

(pj  "fj<S)  +  (2ni?j)'1(?H-^)  |  q..  (£)f  (x-£)d£. 


(29) 

The  first  term  on  the  right  side  of  (29)  is 
the  strip-theory  potential  (including  the 
Contribution  from  which  usually  is 
ignored) .  The  remaining  contribution  to 
(29)  represents  the  thr'  •'-dimensional 
interaction  between  adjacent  sections. 

In  the  high-frequency  domain  the 
integral  in  (29)  tends  to  zero,  and  the 
strip- theory  solution  remains.  Conversely 
in  the  low-frequency  regime  the  two-dimen¬ 
sional  potentials  in  (29)  simplify  and  the 
ordinary  slender-bodv  -esult  is  recovered 
as  derived  by  Newmai  .  '  uck  (1964).  The 
unified  potential  (1  valid  more 

generally,  for  all  w.  unumbers  between 
these  two  limiting  regimes. 

In  the  special  case  of  zero  forward 
velocity  (U=0),  the  unified  solution  (29) 
reduces  to  a  form  closely  related  to  the 
"interpolation  solution"  derived  by  Maruo 
(197C),  Maruo's  approach  is  rather  differ¬ 
ent,  hut  the  only  change  in  the  final  re¬ 
sult  is  that  the  homogeneous  solution 
Uj+?j)  is  replaced  by  (l+Kz) ,  and  the 
ampl Ltude  of  the  two-dimensional  strip- 
theory  potential  is  modified  accordingly 
to  satisfy  the  boundary  condition  on  the 
body. 


F(x>  =  !  f  no--  x  Jk/k.  (31) 


Since  f*-0(k)  as  k-0,  the  inteoral  (31)  is 
convergent  and  F(x)  vanishes  as  'x1-  «. 
There  is  a  logarithmic  infinity  in  t*  Ik)  as 
'k ;-*■  «,  and  hence  in  F(x)  as  x  "0,  hut 
this  singularity  can  be  integrated  in  (30) 
without  difficulty. 

The  integral  in  (31)  can  be  simplified 
by  considering  the  function 


UK!  =  (u  (2K/x) 

?  “3/2  ,  -  1/2 

-  (1-kVe  )  ;n!v/^!‘c  /r-1)  i, 

(32) 

where  *  (k)  is  defined  by  (16).  ,\(k)  is 

analytic  throughout  the  finite  k-plane, 
except  for  a  branch  cut  on  the  negative 
real  axis.  With  appropriate  values 
determined  on  each  sice  of  this  bra.'.ch  cut, 
in  the  manner  described  by  Sclav^unor 
(1980),  it  follows  that 


f'(k)  =  A(k;i01  +  ±  Ri  H(-k) 

?  ,  “1/2 

i\l~R '/**])  g4(k)  .  (33> 

Her  a  K(-k)  is  the  Heaviside  unit  function, 
equal  to  one  for  k<0  and  zero  otherwise,  and 

g+(k)  =  2-i  ,  (-<*<k<k1),  (34a' 

g+(k)  *  0  ,  C>-1'k<k2),  (3ib-» 
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{  34c) 


and 


g+(k)  =  -2m 


(k2<k<0) , 


g_  (k) 

g.  (k) 

=  0  , 

=  -”i  , 

(-«><k<0)  , 

(0<k<k2,  t<1/4) , 

(  34d) 

(  34e) 

1  f  fk3  r  \ 

F,(x)  =  -  |e 

2  2,^0  >k> 

4 

g±<k) 

=  n  , 

(k3<k<k4,  t <1/4 ) , 

(  3  4  f  > 

_I  e_ikx 

g+  (k) 

-  -ni  , 

(k4<k<«,  x<l/4) , 

(  34a) 

2  '  k3 

gjk) 

=  -*i  , 

(0<k<=",  t>1/4). 

(  34h) 

~lkx(l-(l-k2/<2)  /  ] dk/k 

?  2  "1/2 

,l-i(kV<  -D  ]dk/k , 

(t<1/4),  (41a) 


The  branch-points  of  the  square-root  func¬ 
tion  in  (33)  have  been  defined  by 


kl,2  =  - (g/2U2 ) ( 1+2t  i 

1/2 

( 1+4t )  ), 

(35) 

k3,4  =  (g/2U2)  [ 1-2t  ; 

1/2 

(1-4t  )  )  , 

(36) 

and 

t  =  wU/g. 

(37) 

Note  that  k1  2  are  real  and  negative, 
whereas  k,  4'Sre  positive  for  -<1/4,  and 
complex-  Cdnjugate  otherwise. 

From  Jordan's  lemma 


P 


A ( k ; i 0 )  e”lkx  dk/k  =0,  (x  §  0) .  (38) 


Hence,  from  (31)  and  (33), 
Fix)  =  r’^x)  +  F2  (x)  ,  (x<0). 


F  (x)  =  F2  (x)  , 
where 


(x>0) , 


(39a) 

(39b) 


Fx  (x) 


k’  -ikx  2  2  -^/2 

lxx[l+(l-kV<  )  ]dk/k 


.  -  p 

—  CO 

_  fk2 


dk/k 


-r 


e"ikx[l-(l-k2A2)  1/2]dk/k, 


F2  (x) 


1 

2 


!  e'ikx[l-(l-k2/<2)  ]dk/k, 

J0 


(t>1/4) .  (41b) 


The  function  F1  is  logarithmically 
infinite  at  x=0,  but  F2  is  regular  at  this 
point  for  U>0.  From  (39)  it  follows  that 
the  logarithmic  singularity  exists  only  on 
the  downstream  side  of  x=0. 

The  singularity  in  Fj.  can  be 
displayed  explicitly  bv  using  properties 
of  the’ sine  and  cosine  integrals  to  express 
(40)  in  the  alternative  form 


Fj_(x) 


-ikx  2  2~^2 

e  1KX[l-(l-kV«  ) 

(l-e_lkx)dk/k 


]  dk/k 


-  2 [£n (o |x !/U)  +  y  +  -i/2) .  (42) 


Here  y=0.511 —  is  Euler's  constant. 

The  integrals  in  (41)  and  (42)  are  con¬ 
vergent  for  all  values  of  x,  if  U>0,  and 
can  be  evaluated  by  numerical  quadratures. 

Both  limiting  forms  of  the  kernel, 
for  zero  forward  velocity  and  for  zero 
frequency,  can  be  derived  by  letting  t-»0. 

The  resulting  integrals  in  (40)  and  (41a) 
are  evaluated  after  replacing  the  branch¬ 
points  (35)  and_(36)  by  their  limiting 
values,  k.  ,  =  +(g/u2)  and  k0  ,  =  +  K,  and 

i/s  22 

approximating  <  by  U  k  /g  or  K,  respectively. 
In  this  manner  it  can  be  shown  that,  for 

T  — 0  , 


(40) 
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F(x)  =  *  i[/n (?k jx j }  +  Y  *  -i] 


+  ?  l|H0(t)+V0(t)+2i  Jo(t)  ]dt 

0 


-  f 1(2+1)  vo(g|x|/u2)  -no  (gx/u2)  ] , 


(x  ?  0). 


2  '  ' 

U1  j  -  lwfcKj  =  -iupj  J  ni‘J’ j  ds 

-  p  V  f f (iun,$.  -  m.4>.)dS  +  pU2 f  fm.i .  ds 

I)  1  D  ID  JJ  1  3 

-  p  j  JC. (x) (iun.  -  Um . )  (4-  +  $. )  dS. 

J  J  J  1  1  3  3 


Here  the  surface  integrals  are  over  the 
submerged  portion  of  the  hull  and,  except 
for 


Here  H  Y  and  J  are  the  Struve  and  Bessel 

o,o  o 

functions  of  order  zero. 

The  contribution  from  the  last  line 
in  (43)  vanishes  for  0=0,  and  the  resulting 
kernel  is  equivalent  to  that  derived  bv 
Ursell  (1962).  In  this  case,  as  in  classi¬ 
cal  slender-body  theory  without  a  free 
surface,  the  logarithmic  singularity  is 
antisymmetrical . 

For  the  steady-state  case  j=0,  on  the 
other  hand,  the  integral  in  (43)  vanishes 
and  the  result  is  consistent  with  that  of 
Tuck  (1963).  As  x-*+0,  the  resulting 
singularity  from  the  first  term  on  the 
right-hand  side  of  (43)  is  cancelled  by 
the  Bessel  function  Y  and,  as  stated  above 
for  the  more  general  Snsteady  case,  there 
is  no  upstream  logarithmic  singularity. 

(The  contribution  from  fn(K)  in  the 
first  term  is  cancelled  by  a  similar  factor 
in  the  low-frequency  limit  of  the  two- 
dimensional  source  potential  G--,. ) 

The  regular  part  of  the  kernel  (27)  as 
a  function  of  x/L  is  shown  in  Figure  1  for 
a  Froude  number  0.2  and  two  values  of  t, 

0.2  and  0.7  less  and  greater  than  1/4 
respectively. 

4.  ADDED-MASS  AMD  DAMPING  COEFFICIENTS 

The  principal  application  of  the  re¬ 
sults  above  is  to  predict  the  hydrodynamic 
pressure  force  and  moment,  acting  upon  a 
heaving  and  pitching  ship  hull  in  response 
to  its  oscillations.  With  the  usual  de¬ 
composition,  these  forces  and  moments  are 
expressed  in  terms  of  added-mass  (ajj)  and 
damping  (b^j)  coefficients,  which  are  the 
factors  of  the  acceleration  and  velocity, 
respectively,  in  a  linear  expression  for 
the  total  force  and  moment.  Here  i=3,  for 
the  heave  force,  i=5  for  the  pitch  moment, 
and  j=3,5  respectively  for  the  contribution 
due  to  each  mode. 

A  total  of  eight  coefficients  must  be 
considered,  including  cross-coupling 
between  heave  ;  nd  pitch.  These  coefficients 
can  be  derived  from  the  inner  velocity 
potential  (29)  or  (30),  by  means  of 
Bernoulli'* s  equation  for  the  linearized 
pressure,  and  after  using  a  theorem  due 
to  E.  O.  Tuck  (Ogilvie  and  Tuck,  1969)  the 
results  can  be  summarized  in  the  form 


m5  =  n3  -  Xfflj,  (45) 

the  quantities  in  (44)  are  defined  in  Sec¬ 
tion  2. 

The  first  integral  in  (44)  is  the  zero- 
speed  strip- theory  contribution,  or  the 
integral  along  the  length  of  the  two-dimen¬ 
sional  added-mass  and  damping  coefficients. 
The  second  and  third  integrals  in  (44) 
represent  linear  and  quadratic  effects  of 
the  forward  velocity  which  appear  (to 
varying  degrees)  in  the  strip  theories. 

(The  quadratic  terms  are  sometimes  regarded 
as  higher-order,  and  the  potential  $  is 
usually  ignored.)  Green's  theorem  can  be 
used  to  show  that  the  second  integral  in 
(44)  vanishes  when  i=j. 

The  last  integral  in  (44)  represents 
the  three-dimensional  correction  from  the 
interaction  function  Cj (x) .  As  the 

integral  eauation  (29)  can  be  used  to  show 
that  Cj-+0,  and  the  "pure"  strip  theory  is 
recovered.  Except  for  this  limiting  case, 
however,  three-dimensional  effects  are 
significant  in  (44). 

The  first  computations  of  added  mass 
and  damping  based  on  the  unified  theory 
were  performed  by  Hays  (1978)  for  a  prolate 
spheroid,  floating  with  its  major  axis  in 
the  plane  of  the  free  surface,  and  for  zero 
forward  velocity  (U=0).  From  symmetry  con¬ 
siderations  there  is  no  cross-coupling  in 
this  case.  Comparisons  with  the  ordinary 
slender-body  theory,  strip  theory,  and  with 
"exact"  three-dimensional  numerical  solu¬ 
tions  are  included  by  Mays  for  values  of 
the  beam-length  ratio  equal  to  1/16,  1/8, 
and  1/4.  The  results  for  1/8  are  repro¬ 
duced  in  Figure  2  and  it  is  apparent  that 
the  added-mass  and  damping  coefficients 
predicted  by  the  unified  slender-body 
theory  are  in  virtually  perfect  agreement 
with  the  exact  solutions  of  Kim  (1964)  and 
Yeung  (Bai  and  Yeung,  1974).  By  comparison, 
the  strip  theory  predictions  are  satisfac¬ 
tory  only  for  relatively  high  freauencies 
(KB>1),  and  the  ordinary  slender-body 
theory  is  useful  only  for  KL*1.  For  the 
beam-length  ratio  equal  to  1/4  May's 
computations  show  almost  the  same  degree  of 
agreement,  and  demonstrate  the  broad  range 
of  applicability  of  the  unified  theory  for 
zero  forward  velocity. 
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Our  first  computations  with  nonzero 
forward  velocity  were  performed  for  a  float¬ 
ing  spheroid  of  beam- length  ratio  1/6,  for 
comparison  with  the  experiments  of  Lee  and 
Paulling  (1966).  The  results  were  generally 
in  agreement,  but  the  experimental  scatter 
precludes  a  definitive  judgement  of  the 
degree  of  improvement  of  the  unified  theory 
relative  to  strip  theory. 

t  'bsequent  computations  were  performed 
for  two  realistic  hull  forms  where  experi¬ 
mental  data  is  available.  In  each  case  we 
show  the  computations  based  on  unified 
theory,  and  the  strip  theory  results  of 
Salvesen,  Tuck  and  Faltinsen  (1970) . 

The  results  for  a  Series  60  hull  (block 
coefficient  0.7)  are  shown  in  Figures  3  and 
4,  and  compared  with  the  experimental  data 
of  Gerritsma  and  Beukelman  (1964)  and 
Gerritsma  (1966).  For  zero  forward  velocity 
(Figure  3)  the  agreement  between  the  unified 
theory  and  experiments  is  very  good 
for  a^j,  b33»  and  bss-  The  remaining 

coefficients  show  a  departure  of  the  experi¬ 
mental  data  at  low  frequencies.  The  cross¬ 
coupling  coefficients  are  symmetric  in  this 
case,  and  only  one  pair  are  shown.  For  low 
and  moderate  frequencies  the  differences 
between  the  unified  and  strip  theories  are 
substantial,  and  the  experiments  generally 
support  the  unified  theory.  All  eight 
coefficients  are  shown  in  Figure  4,  for  a 
Froude  number  of  0.2.  In  this  case  the 
differences  between  the  two  theories  are 
reduced,  suggesting  in  the  strip  theory 
that  there  is  some  cancellation  between  the 
i pproximations  associated  with  forward 
velocity  and  three-dimensionality.  The 
agreement  between  the  unified  theory  and 
experiments  is  generally  favorable,  with 
the  notable  exception  of  the  cross-coupling 
coefficients  a^c,  a„,  and  b.^- 

The  coefficients  a33,  a5c,  b55  and  a35 
have  also  been  computed  for  tne  Series  60 
hull  by  Chang  (1977),  using  a  full  three- 
dimensional  theory  but  neglecting  the  con¬ 
tribution  from  the  potential  5.  For  zero 
forward  velocity  Chang's  results  are  in¬ 
distinguishable  from  the  unified  theory. 

For  the  Froude  number  0.2,  the  same  is  true 
of  a33  and  a55,  whereas  Chang's  comparison 
with  experiments  is  better  for  a53  and 
worse  for  D55. 

Our  final  results  are  for  the  Friesland 
class  frigate  hull  (block  coefficient  0.554) 
where  experimental  data  are  given  by  Smith 
(1966) .  The  comparisons  in  Figures  5  and 
6  are  for  Froude  numbers  of  0.15  and  0.35, 
respectively.  Once  again  there  is  a  ten¬ 
dency  in  some  coefficients  for  the  axperi- 
mental  data  to  diverge  from  the  unified 
theory  at  low  frequencies,  and  the  cross¬ 
coupling  coefficient  ^35  shows  poor 
comparison  for  all  frequencies.  The  re¬ 
maining  results  for  the  lower  Froude  number 
show  good  to  excellent  agreement  between 
the  unified  theory  and  experiments.  Similar 
conclusions  apply  for  the  higher  Froude 
number,  except  that  in  this  case  the  com¬ 
parison  for  the  coefficient  b 53  is  un¬ 
satisfactory.  In  this  case,  unlike  the 


Series  60  hull,  there*  is  good  agreement  for 
the  coefficient  853- 

These  comparisons  of  the  added-mass 
and  damping  coefficients  can  be  summarized 
with  the  following  conclusions.  In  the 
case  of  zero  forward  velocity  excellent 
agreement  exists  between  the  unified  theory, 
three-dimensional  numerical  solutions,  and 
experimental  data.  Kith  forward  velocity 
included,  there  are  no  complete  three- 
dimensional  computations  with  which  to 
compare,  and  the  unified  theory  can  be 
judged  only  on  the  basis  of  experiments. 

Good  agreement  exists  in  most  cases,  but 
th<  confirmation  is  not  satisfactory  for 
some  of  the  cross-coupling  coefficients. 
Relative  to  the  strip-theory  predictions 
with  forward  speed,  the  unified  theory 
provides  a  noticable  improvement  in  the 
diagonal  coefficients  a33,  b33  and 

b55* 

Although  the  accuracy  of  the  experi- 
mental  data  is  not  well  established,  one 
possible  explanation  for  the  remaining 
discrepancies  is  that  the  treatment  of 
end  effects  in  the  unified  theory  requires 
some  refinement.  In  this  context  we  note 
that  the  steady-state  disturbance  potential 
is  approximated  in  the  inner  region  in 
a  stripwise  manner  by  assuming  no  inter¬ 
action  between  subsequent  cross-sections. 

A  wall  boundary  condition  is  satisfied  on 
the  free  surface  and  conformal  mapping  is 
used  for  the  evaluation  of  m3  through 
expression  (5).  The a two  dimensional 
velocity  potentials  satisfying  a  wave 
free-surface  condition  are  then  evaluated 
using  a  two  dimensional  numerical  procedure 
due  to  Yeung  (1975) . 

This  procedure  breaks  down  at  the  ship 
ends,  introducing  a  significant  overpre¬ 
diction  of  m3  and  consequently  of  5 3  and 
c  .  This  difficulty  has  been  avoided  by 
assuming  a  linear  variation  of  m3  within 
5%  of  the  ship  length  away  from  each  end, 
and  assuming  m3=0  at  the  ends.  This 
problem  could  be  overcome  by  evaluating 
m3  from  the  full  three-dimensional 
double-body  steady  disturbance  potential. 

The  kernel  of  the  integral  equation 
defined  in  (43)  and  (42)  was  evaluated 
numerically  using  Simpson's  integration 
formula,  with  appropriate  truncation 
corrections  based  on  asymptotic  expansions 
of  the  integrand.  The  number  of  integra¬ 
tion  points  is  determined  to  ensure  a 
re  stive  error  less  than  10~5. 

The  integral  equation  (28)  is  solved 
by  iteration  using  the  strip-theory  source 
distribution  as  the  first  iteration.  The 
solution  obtained  in  this  manner  has  been 
checked  against  an  independent  matrix- 
inversion  solution 

The  two-dimensional  strip-theory 
calculations  were  performed  on  an  IBM370. 
The  kernel  evaluation  and  the  solution  of 
the  integral  equation  were  performed  on  a 
PDPll-34  mini  computer,  the  computation 
times  reouired  are  estimated  as  follows: 


TABLE  1 


can  be  expressed  in  the  form 


COMPUTATION  TIMES 


IBM370 

PDP11-34 

(sec) 

(sec) 

2D  potentials  ( * 3 ) 

3 

180 

2D  potentials  ($3> 

4 

240 

Kernel  and  integral 

equation  (U=0) 

0.16 

10 

(U>0) 

1 

60 

Total  time  required 

(U=0) 

3.16 

190 

(U>0) 

8 

480 

These  estimates  suggest  that  for 
finite  forward  velocity  the  additional 
computational  effort  required  by  unified 
theory  is  of  the  order  of  1/7  of  the  two- 
dimensional  strip-theory  calculations  if 
the  latter  are  complete.  For  zero  forward 
velocity  the  corresponding  ratio  is  1/13. 


5.  ELONGATED  WAVE-POWER  DEVICES 

The  unified  theory  can  be  used  to 
analyse  the  performance  of  elongated  wave- 
power  absorbers  such  as  the  Cockerell  raft 
and  Kaimei  ship,  in  a  similar  manner  to  the 
results  of  Newman  (1979)  based  on  the 
ordinary  slender-body  theory.  In  this 
application  the  forward  velocity  is  set 
equal  to  zero,  with  resulting  simplification 
of  the  analysis. 

Following  Newman  (1979),  we  consider 
the  power  absorbed  by  a  slender  body  moored 
in  the  head-sea  configuration  and  perform¬ 
ing  vertical  oscillatory  motions  of  appro¬ 
priate  amplitude  and  phase,  along  its 
length.  The  power  absorbed  by  this  motion 
can  be  represented  as  the  product  of  the 
energy  flux  per  unit  width  in  the  incident 
wave  system,  and  an  "absorption  width"  W. 

In  ideal  circumstances  W  is  comparable  to 
the  wavelength  or  body  length,  and  sub¬ 
stantially  larger  than  the  projected  width 
of  the  body. 

The  absorption  width  can  be  expressed 
in  terms  of  the  far-field  radiated  wave 
amplitude  due  to  the  body  motions,  or  the 
Kochin  function  HO)  which  is  proportional 
to  the  radiated  wave  amplitude  in  the 
direction  8  relative  to  the  x-axis.  If 
the  incident  waves  propagate  in  the  +  in¬ 
direction,  and  if  the  body  motions  are 
controlled  in  an  optimum  manner  to  maxi¬ 
mize  the  absorption  width,  this  quantity 


( K  j-pr 

* o 


H  { 8 ) |  de 


(46) 


In  long  wavelengths  the  optimum  modal 
amplitudes  of  the  body  increase  in  propor¬ 
tion  to  the  wavelength,  and  unrealistically 
large  motions  are  required  for  {  46  )  to  be 
valid.  To  estimate  the  practical  limit  of 
the  absorption  width  we  define  a  parameter 
8  as  the  product  of  the  beam-length  ratio 
(b/L)  and  the  maximum  allowed  vertical 
displacement  per  unit  wave  amplitude. 
Assuming  arbitrarily  that  the  maximum  dis¬ 
placement  is  twice  the  incident  wave  ampli¬ 
tude,  and  that  the  beam-length  ratio  is 
between  0.1  and  0.2,  typical  values  for  8 
are  0.2  and  0.4,  respectively. 

With  the  body  motions  limited  in  the 
above  sense,  the  absorption  width  is  given 
by 

,2- 

W  =  2S!LK (-)/b|  -  i  82K  1  iLH  (S)/b  (2  de  (47) 

iv‘  'O 

for  small  values  of  3,  and  by  (  46  )  when 
3  is  larger  than  the  value  where  (  47  ) 
attains  its  maximum.  Alternatively,  with 
B  fixed,  (  46  )  holds  for  K>K0  and  {  47  3  for 
K<KQ,  where  the  transition  wavenumber  is 
defined  by  the  condition  that  (  46  )  and 
(  47  )  are  eaual. 

In  ordinary  slender-body  theory,  where 
Kb<<l,  the  Kochin  function  is  given  to 
leading  order  by 

HO)  =  -K  !  f(0  b (£)  e'ik5cose  dC.  (4fl) 


Here  f(x)  is  the  vertical  displacement  and 
b(x)  is  the  local  beam  at  the  waterplane. 
This  approximation  was  used  by  Newman  (1979) 
to  calculate  the  absorption  width  of  various 
modal  shapes,  with  the  symmetric  and  ar ' i- 
symmetric  modes  (with  respect  to  x)  tr-  ed 
separately  and  superposed  to  obtain  the 
total  absorption  width.  The  curves  in 
Figure  7  show  the  total  absorption  width 
for  an  articulated  raft,  consisting  of 
three  rigid  segments  connected  by  two 
symmetric  hinges.* 

In  the  unified  theory,  the  Kochin 
function  car.  be  expressed  in  terms  of  the 
outer  source  strength  q(x),  and  (485  in 
replaced  by 


P(S5  =  _§f  I  q(e)  e~ik5cose  dc,  (49) 

'l 

♦For  this  case,  and  also  for  the  Legendre 
polynomial  modes,  the  values  of  3  given  by- 
Newman  (1979)  should  be  multiplied  by  a 
factor  of  2.0.  This  error  has  been  cor¬ 
rected  in  Figure  7. 
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with  q(xi  determined  from  the  integral  eaua- 
tion  '28).  Computations  have  been  performed 
on  this  basis,  for  an  articulated  raft  with 
beam-length  ratio  0.1  and  beam-draft  ratio 
2.0.  These  new  results  are  shown  in  Figure 
7,  and  a  comparison  can  be  made  with  the 
absorption  width  based  on  the  ordinary 
slender-body  theory.  This  comparison  re¬ 
veals  that  the  latter  approximation  over¬ 
estimates  the  absorption  width  by  a  sub¬ 
stantial  amount,  when  the  modal  amplitudes 
are  limited,  but  in  the  shorter  wavelength 
regime  where  this  limitation  is  not  appli¬ 
cable,  the  ordinary  slender-body  theory  is 
quite  accurate.  Similar  conclusions  have 
been  reached  by  Haren  (1980)  based  on  a 
three-dimensional  numerical  solution  in  the 
case  of  a  body  with  zero  draft.  It  appears 
that  the  ordinary  slender-body  theory  over- 
predicts  the  magnitude  of  the  Kochin  func¬ 
tion,  and  hence  the  limited  absorption  width 
(47),  but  (46)  is  not  sensitive  to  this 
error  in  view  of  its  form. 

In  conclusion,  the  earlier  results  of 
Newman  (1979)  based  on  the  use  of  ordinary 
slender-body  theory  overpredict  the  per¬ 
formance  of  an  elongated  wave-power  device, 
particularly  in  the  regime  of  wavelength^ 
where  the  absorption  width  is  a  maximum. 

The  unified  theory  can  be  used  to  provide 
a  more  precise  estimate  of  the  absorption 
width. 
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Figure  la  -  Regular  part  (fR)  of  the  kernel  (27)  as  a  function  of  the  longitudinal  coordi 
nate  jx|/L  for  i=sO/g  equalto  0.2  and  0.7  {Figures  la  and  lb  respectively).  Haves  are 
present  upstream  only  for  the  first  case,  associated  with  the  root  k,  in  C36)  and  with 
the  vavelength-to-ship-length  ratio  2t/k,L  =  3.3.  For  t=0.7  CFigure^lb)  no  waves  exist 
upstream.  Downstream  of  the  disturbance  the  most  obvious  wave  motion  is  associated  with 
the  largest  root  kj,  and  with  the  wavelength-to-ship-length  ratio  0.19  (t=0.2)  and  0.12 
(t=0.7)..  Longer  wavelengths  also  exist  downstream,  associated  with  the  roots  k2  and  k, 
for  t  <  j  and  with  al°ne  f°r  t  >  A  .  Their  superposition  upon  the  shorter  wave  system 
is  more  apparent  in  Figure  lb.  4 
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Figure  7  -  Total  absorption  width,  as  a  fraction  of  the  body  length,  for  an  articulated  raft 
with  two  symmetric  hinges  situated  at  the  points  X  =  st/5.  *The  curves  for  the  ordinary 
slender- body  theory  (OSBT)  are  from  Newman  (1979) ,  corrected  as  noted  in  the  footnote,  with 
superposition  of  the  oower  obtained  separately  in  the  even  and  Odd  modes.  The  full  lines 
are  the  values  of  th«  absorption  width  determined  from  the  unified  theory,  for  a  beam- length 
ratio  of  0.1,  and  a  beam-draft  ratio  of  2.0.  in  all  cases  the  body  motions  are  Of  Optimum 
phase.  The  maximum  amplitude  in  each  mode  is  equal,  to  the  product  of  BL/b  aid  the  incident 
wave  amplitude.  ' 


Discussion 


H.  Maruo  (Yckomma  N.  UrJv.) 


In  this  paper,  the  theory  is  developed 
oft  the  basis  of  the  linearized  free  surface 
condition,  eq. (2)  or  eq. {7} .  However  it 
is  known  that  this  condition  is  not  always 
valid  in  the  near  field.  The  validity  of 
the  linearized  free  surface  condition  is 
rather  limited  in  the  presence  of  the  steady 
forward  speed.  A  discussion  of  this  situa¬ 
tion  was  given  in  wy  paper  of  1974.  It  is 
intrinsically  hopeless  to  develop  a  consis¬ 
tent  formulation  of  the  slender  body  per¬ 
turbation  which  is  uniformly  valid  without 
restriction  in  the  magnitude  of  frequency. 
The  terminology  'Interpolation  Theory' 
stands  on  the  basis  of  this  fact.  It  is 
consistent  in  both  limit  cases  of  low  and 
high  frequencies,  but  its  logical  founda¬ 
tion  in  view  of  the  perturbation  analysis 
has  to  be  relaxed  in  the  intermediate 
frequencies.  The  authors  have  pointed  out 
that  their  unified  theory  replaces  the 
factor  (1+Kz)  in  the  interpolation  solution 
by  exp (Kz) .  However  this  replacement  seems 
to  be  surplus.  If  K  or  a*/g  is  0(1} ,  1+Kz 
is  a  rational  representation  of  exp(Kz), 
while  in  the  high  frequency  range  of  K  =  O 
It-1),  the  three-dimensional  portion  of  the 
potential  given  by  the  last  term  of  eq. (29) 
can  be  omitted  because  of  the  higher  order. 

A  considerable  disadvantage  may  happen  as  a 
result  of  the  above  replacement,  if  one 
wishes  to  utilize  the  theory  in  routine 
computations  of  hydrodynamic  coefficients 
of  oscillating  ships.  In  the  case  of  the 
interpolation  theory,  one  needs  only  the 
Solution  of  the  radiation  problem  of  oscil¬ 
lating  two-dimensional  cylinders,  which  is 
generally  used  in  the  routine  computation 
by  the  strip  theory,  while  by  the  unified 
theory,  on  the  other  hand,  a  complete  solu¬ 
tion  of  the  diffraction  problem  in  beam 
seas  is  needed.  This  will  result  much  com¬ 
plication  in  the  practical  application. 

The  inclusion  of  the  steady  forward  speed 
aggravates  the  difficulty  in  the  develop¬ 
ment  of  a  rational  formulation.  A  possibil¬ 
ity  of  the  interpolation. theory  which  is 
rational  at  both  low  and  high  frequencies 
appears  in  the  assumption  of  low  Froude 
number  such  as  Fn  =  OCsl/2) .  Formulations 
along  this  line  have  been  developed  by 
Matsunaga  (1979) . 
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C.M.  Lee  ic  r.vsftDQ 


It  appears  to  me  that  one  of  the  long 
overdue  problens  in  ship  motion  theory  is 
now  resolved  by  the  unified  theory.  I 
would  like  to  congratulate  the  authors  for 
introducing  a  theory  which  fills  the  gap 
between  the  ordinary  slender  body  theory 
and  the  strip  theory .  Although  the  practi¬ 
cal  merits  of  this  theory  are  yet  to  be 
assessed  when  the  computed  motion  results 
are  available  to  us,  it  is  my  opinion  that 
the  unified  theory  will  contribute  signifi¬ 
cantly  to  planting  ship  motion  theory  on  a 
firmer  mathematical  ground. 

I  am  anxiously  looking  forward  to  see¬ 
ing  the  three-way  comparisons  of  the  motion 
results  obtained  by  the  unified  theory,  the 
strip  theory  and  the  model  experiments. 

If  one  observes  the  comparisons  shown  in 
Figures  2  and  3,  one  would  wonder  whether 
the  strip  theory  could  ever  produce  meaning¬ 
ful  motion  predictions  at  all.  However, 
the  strip  theory  does,  in  fact,  provide  re¬ 
liable  results  at  the  zero  forward  speed. 
Our  investigation  at  DTNSRDC  some  years 
back  revealed  that  a  reliable  prediction  of 
motion  of  a  ship  in  waves  depends  mere  on 
the  balanced  accuracies  between  the  excit¬ 
ing  terms  and  the  reaction  terms  in  the 
equations  of  motion  than  biased  improve¬ 
ments  on  either  side  of  the  terras,  i.e.,  a 
fairly  visible  improvement  on  the  reaction 
terras  while  no  improvement  on  the  exciting 
terras  could  yield  motion  results  worse  than 
the  case  of  no  improvement  on  both  terms  at 
all.  In  this  regard,  we  still  have  to  wait 
to  judge  if  the  unified  theory  provides 
better  prediction  of  motion  results  than 
the  strip  theory  does. 

The  values  of  j»L/g  corresponding  to 
tsl/4  at  Fr=0.15,  0.2  and  0.35  are, respec¬ 
tively,  1.67,  1*25  and  0.71.  The  experi¬ 
mental  results  for  Fr=Q .1$  in  Figure  5  seem 
to  show  some  scatterings  at  about  cVL/g  = 
1.67.  The  scatterings  cf  the  experimental 
results  at  -  =  1/4  could  have  been  exagger¬ 
ated  due  to  the  effects  of  the  wave  re¬ 
flections  by  the  tank  walls.  I  tend  to 
think  that  theoretical  results  at  t  s  1/4, 
may  be  singular  but  should  be  smooth  else¬ 
where.  I  would  like  to  know  the  authors* 
opinion  on  this  subject. 

It  appears  to  me  that  the  existence  of 
n%  in  Equation  (3)  is  one  of  the  main  dif¬ 
ferences  of  the  unified  theory  from  the 
strip  theory  in  the  context  that  aj  intro¬ 
duces  a  part  of  the  3b-flow  effects  through 
the  steady  perturbation  potential  S *  The 
authors  have  already  acknowledged  the  weak¬ 
ness  of  approximating  ?  by  a  strip  fashion. 
1  fully  concur  with  the  authors*  suggestion 


that  2  should  be  efral gated  with  the  full 
3D  double-body  flow  condition. 

I  as  certain  that  the  present  paper 
will  inspire  many  pursuers  of  ship  hydro¬ 
dynamic  theories  in  the  future. 


M.S.  Chang  idwsrdq 


1  have  found  this  paper  is  very  stimu¬ 
lating  and  its  numerical  results  very  in¬ 
teresting.  Be  at  DTNSRDC  have  calculated 
the  action  coefficients  for  Friesland  frea 
a  3-D  prograa  after  the  receiving  of  the 
preprint  of  this  paper.  One  of  the  inter¬ 
esting  thing  we  found  was  that  the  3-D 
results  for  Fn  =  0.15  show  significant 
oscillation  at  the  frequencies  near  the  res¬ 
onance  frequence  u  =  1.66  of  t  -  1/4. 
Although  the  oscillation  may  have  been  ex¬ 
aggerated  due  to  the  panel  setup,  it  does, 
however,  explain  the  apparent  irregularity 
in  the  experimental  data.  In  view  of  the 
smoothness  of  the  result  calculated  by  the 
present  paper,  I  will  like  to  ask  the 
authors  the  following  guestion.  In  what 
way  Cif  any)  were  they  able  to  suppress  the 
effect  of  resonance  effect  at  frequencies 
near  -  =  1/4  ?  And  do  they  think  this 
could  be  related  to  the  discrepancies 
between  their  results  and  the  experimental 
data  at  the  lower  frequencies  ? 

Also  the  steady  potential  is  neglected 
in  3-D  calculation,  yet  is  partially  in¬ 
cluded  in  the  present  paper-  I  will  very 
-  much  to  knew  the  significance  of  the  steady 
potential  contribution  (if  the  authors  have 
investigated),  especially  for  the  8s*. 


j.H.  Hwang  rite*  «.  IffW 


The  authors  should  be  congratulated 
for  their  very  fine  contribution  in  the 
slender  body  theory  applied  to  a  complex 
ship  hydrodynamics  problem.  Professor 
Newman  has  made  many  original  contribu¬ 
tions  in  our  field.  This  time  Professor 
Saaan  has  presented  a  r*ssarkable  "uni¬ 
fied*  slender  body  theory  which  is  valid 
in  all  frequency  range  of  practical  inter¬ 
est. 

Professor  Newman  has  shown  here  that 
their  new  results  based  on  this  unified 
theory  five  better  agreement  with  the  ex¬ 
perimental  results  than  previous  strip 
theory  and  ordinary  slender  body  theory . 

Free  our  limited  experience  in  water 
of  finite  depth,  some  change  in  the  hydro¬ 
dynamic  coefficients  seemed  to  be  nearly 
insignificant  ir.  the  final  »tion  response. 
I  would  like  to  hear  Professor  Newman’s 
opinion  on  how  their  present  improvement 
would  effect  on  the  final  notion  ? 


A.V.  Odaba^i 


The  authors  present  an  extended  slender 
body  theory  which,  according  to  the  assump¬ 
tions  used  in  the  derivation,  has  a  broader 
range  of  applicability-  Although  it  is  a 
welcome  addition  to  the  existing  knowledge, 
to  the  present  contributor’s  knowledge 
strip  theory  generally  provides  satisfactory 
heave  and  pitch  prediction  for  the  range 
of  practical  interest  and  the  differences 
shown  in  Figures  3  to  6  could  have  been 
obtained  by  using  alternative  ver rions  of 
the  strip  theory  or  alternative  numerical 
evaluation  scheaes,  which  are  known  to  pro¬ 
duce  little  difference-in  the  predicted 
responses-  I  would  therefore  like  to  know 
whether  the  authors  also  Conducted  bending 
moment  calculations  and  compared  them  with 
experiments.  Since  this  is  the  area  where 
the  failures  in  the  strip  theory  starts  to 
show. 


FLT.  Schmitfce  fOetesee  Res £st  astest} 


The  authors  are  to  be  case-ended  for 
providing  an  extension  of  strip  theory 
which  does  not  require  substantially  great¬ 
er  computational  effort. 

The  paper  presents  comparisons  of  com¬ 
puted  and  measured  added  mass  and  damping, 
wherein  the  new  theory  generally  agrees 
better  with  the  experimental  data  than 
strip  theory.  This  is  encouraging.  How¬ 
ever,  of  far  greater  importance  to  t.e  ship 
designer  is  how  well  theory  predicts  ship 
motions.  For  this,  the  paper  offers  no 
comparisons ,  in  spite  of  its  title,  and  1 
ask  the  authors  tc-  consent. 

With  regard  to  heave  and  pitch,  the 
principal  shortcoming  of  strip  theory  is 
over-prediction  of  peak  response  at  high 
Froude  number.  This  is  especially  true  of 
pitch.  Would  the  authors  comment  on  wheth¬ 
er  this  unified  theory  will  provide  an  ad¬ 
vance  on  strip  theory  in  this  regard  ? 

Finally,  1  note  that  the  paper  makes 
no  mention  of  dynamic  lifting  effects* 

These  are  known  to  be  or  fundamental  im¬ 
portance  in  lateral  motions,  for  example 
in  roll  -Temping  awl  in  manoeuvring .  I 
strongly  suspect  that  inclusion  of  dynamic 
lift  effects  in  the  heave-pitch  equations 
will  improve  predictions.  Would  the 
authors  care  to  cement  on  this  cesasent  ? 


Author’s  Reply 


*396- 


J.N.  Newman  and  P.  Sctevounos  OUT) 


The  autnors  would  like  to  thank  the 
discussers  for  their  interesting  comments. 

In  response  to  Prof.  Haruo's  discus¬ 
sion  we  would  like  to  point  out  that  uni¬ 
fied  theory  extends  the  interpolation  theo¬ 
ry  by  including  forward  speed,  based  on  a 
consistent  perturbation  scheme  regarding 
the  free  surface  and  hull  boundary  condi¬ 
tions.  The  second  point  of  Prof.  Maruo, 
that  unified  theory  replaces  the  factor 
1  +  kz  of  interpolation  theory  by  e^z  is 
not  correct.  The  factor  1  +  kz  is_ replaced 
by  the  homogeneous  solution  #4  +  tj  which 
does  not  behave  like  e^z  in  the  inner  re¬ 
gion  and  on  the  ship  hull.  The  approxima¬ 
tion  of  $j  +  by  e^Zcostky)  or  1  +  kz  is 
only  valid  in  the  overlap  region.  The  dis¬ 
advantage  that  Prof.  Maruo  mentioned  about 
the  necessity  of  solving  the  2-D  diffrac¬ 
tion  problem  is  nonexistent  since  the  homo¬ 
geneous  solution  can  be  constructed  by 
adding  the  strip  theory  potential  to  its 
complex  conjugate. 

Prof.  Hwang,  Dr.  Lee,  Hr.  Scbmitke 
and  Dr.  Odabasi  raised  a  question  on  how 
well  unified  theory  will  predict  the  ship 
motion  amplitude.  A  definite  answer  to 
this  question  will  be  possible  only  after 
the  completion  of  our  current  work  on  the 
complementary  diffraction  problem.  We  may 
though  speculate  that  if  the  agreement  of 
the  predicted  and  measured  exciting  forces 
is  as  good  as  that  for  the  hydrodynamic 
coefficients,  especially  for  zero  speed, 
we  can  he  quite  optimistic  that  the  final 
prediction  of  the  ship  motion  amplitude 
will  present  an  improvement  over  strip  the¬ 
ory-  This  speculation  is  supported  by  Prof. 
Gerritsma's  experimental  validation  of  the 
linear  decomposition  of  the  radiation  and 
diffraction  problems  in  predicting  tbe 
amplitude  and  phase  of  the  ship  motions. 

Regarding  the  irregularity  at  t  =  1/4 
that  Dr.  Lee  and  Dr.  Chang  pointed  out  we 
just  acknowledge  that  our  numerical  results 
for  the  hydrodynamic  coefficients  at  Pr  = 
0.15  and  at  the  critical  frequency  iWh/g  = 
1.666  seem  to  be  smooth  just  because  the 
numerical  computations  were  performed  at 
wSEJg  =  1,  2,  .  .  ,  6.  Additional  numeri¬ 
cal  computations  are  required  within  the 
nondimensional  frequencies  1  and  2  to 
exhibit  the  presence  of  the  logarithmic 


singularity  at  t  —  1/4.  It  is  possible 
to  prove  that  this  is  a  weak  singularity 
in  the  sense  that  its  strength  is 
proportional  to  Fr: .  The  weakness  of  the 
singularity  has  already  been  pointed  out 
by  Dagan  and  Miloh  in  their  paper.  Dr. 
Chang's  numerical  results  present  strong 
oscillations  extending  far  beyond  the 
critical  frequency.  It  is  the  author's 
feeling  that  this  may  be  associated  with 
the  number  of  panels  used  in  the  numerical 
scheme  and  not  with  the  singularity  at 
t  =  1/4. 

The  numerical  computations  indicate 
that  the  interaction  of  the  steady  and 
oscillatory  disturbance  potentials  gives  a 
substantial  contribution  to  the  final  values 
of  the  hydrodynamic  coefficients  and  hence 
cannot  be  neglected.  The  interaction  ef- 
ects  are  especially  pronounced  at  the  ship 
ends  where  the  slender  body  theory  assump¬ 
tion  fails.  In  response  to  Dr.  Chang's 
question  we  notice  that  the  pitch  hydro- 
dynamic  coefficients  are  more  sensitive  to 
these  effects.  Dr.  Lee  correctly  pointed 
Out  that  one  should  evaluate  the  isj  term  by 
using  a  three-dimensional  procedure  and 
it  is  our  intention  to  pursue  a  further 
investigation  in  that  direction. 

In  response  to  Dr.  Odabasi *s  question, 
we  will  be  able  to  present  the  total  pres¬ 
sure  force  distribution  over  the  ship  hull 
after  the  sfly  of  the  diffraction  problem 
has  been  completed.  Ke  believe  though  that 
advantages  of  unified  theory  over  strip 
theory  will  be  more  apparent  in  predicting 
bending  moments  than  ship  motion  amplitudes. 

Mr.  Schmitke  has  noted  the  possible 
importance  of  dynamic  lifting  effects,  in 
the  context  of  pitch  and  heave  motions, 
and  we  recall  a  similar  suggestion  made  by 
G. I -Taylor  more  than  twenty  years  ago. 

While  it  is  difficult  to  estimate  the  im¬ 
portance  of  shed  vorticity,  either  from  a 
transom  stern  or  from  upstream  points  on 
the  hull,  it  does  seem  to  the  authors  that 
the  situation  for  pitch  and  heave  is  sig¬ 
nificantly  different  from  roll  and  lateral 
motions  in  maneuvering.  In  the  latter 
cases  inertial  and  hydrostatic  forces  are 
relatively  small,  and  lifting  effects  from 
the  "trailing  edge*  at  the  stern  are  clear¬ 
ly  relevant.  The  role  of  shed  vorticity 
is  less  obvious  for  vertical  motions,  but 
a  definitive  response  to  this  question  must 
await  a  more  comprehensive  analysis. 


Diffraction  Problems  of  a  Slender  Ship  with 
a  Blunt  Bow  Advancing  in  Head  Seas 

Shoichi  Nakamura  1 
Osaka  University 

Mateo  Tskagi 

f.'ifacftj  S/’-tXxnfci'Og  4  Engineering  CO  U3. 

Ryusuke  Hosoda 

U/sversCy  of  Osaka  Prefecture 

Osaka,  japan 


ABSTRACT 

The  diffraction  problem  of  a  slender* ship  with  bhrat 
bow  advancing  in  head  seas  is  dealt  with.  In  older  to 
satisfy  the  longitudinal  boundary  condition.  the  vertical  line 
raagiitarUis  at  bow  and  stern  parts  ate  introduced.  For 
parallel  pact  the  siender-body  theory  is  used.  As  examples 
of  the  application  of  the  solution,  the  resistance  increase  in 
wares  and  the  pressure  acting  on  the  hull  of  an  ore-eariier 
are  shown.  The  theoretical  results  explain  some  interesting 
characteristics  in  experiments. 

NOMENCLATURE 

1  breadth  of  ship 

L  length  of  ship 

T  draft  of  ship 

Cg  block  coefficient 

T  mean  draft  of  modified  ship 

f,  0  sad  parameter 

U  advance  speed  of  ship 

F#  =  UA/lg  Froode  miaber 

X  ware  length  of  incident  ware 

ware  bright  of  reddest  ware 

ware  aaphtade  of  reddest  ware 


u  circular  frequency  of  incident  ware 
K  3  u*/g.  ware  number  of  isddent  ware 

u>c  *  u  +  KU.  circular  frequency  of  encounter 
ft  *  Uoyg,  ratio  of  ship’s  speed  to  ware  celerity 
Ke  *  ujfg 

*  g/U* 

=  ♦Wexp|i(wet-Kx){ ,  velocity  potential  of  modem 
W1VC 

*  p,expftwtt),  velocity  potential  due  to  bow  part 

♦j  =  pjexp  |i(wtt-  Kx)},  velocity  potential  due  to  parallel 
part 

♦j  «  pjcxp(iwtt),  velocity  potential  due  to  stern  part 

«i«p(iwct)  strength  of  source  per  unit  length  at  bow 

osexp(»«tt)  strength  of  source  pet  unit  length  at  stem 

o(x)exp j  f  (cjet-Kx}|  strength  of  source  per  unit  length  im 
ships  parallel  part 

s*  inverse  Fourier  transform  of  o 
9  =  o{  +  f*.;  o(.  of  red 

9ty  0,,  see  eq.  (64) 


G*  two-d«nens»nal  ware  source  ootentol 


R  =  horizontal  distance  between  point 

(x,y)  and  point  (x‘,  y’) 

Ri'  =  a/x’+y1,  see  eq.  (7) 

R3  =  \J  (x-L+B)J+y2,  see  eq.  (8) 

Ri*  =  V  (x+B)5  +yJ ,  see  eq.  (18) 

Rj’  =  V  (x-L)3  +y3 ,  see  eq.  (19) 

0t,  $3  see  Fig.  2 

%  ~  0ffexp|/(wet-Kx)|  velocity  potential  due  to  o(x) 

fJn.  Gjn  see  eqs.  (12)  and  (13) 

'I'm  wave  free  potential 

=  di  +  fa 
WR  see  eq.  (31) 

VR  see  eq.  (39) 

Vm  see  eq.  (40) 

7  angle  between  r  and  n 

n  normal  to  hull  surface 

r=r(0)  equation  of  hull  surface 

r0  =  m 

r,  =r(f) 

ot(x)  see  eq.  (41)  or  (50) 

Raw  resistance  increase  m  waves 

Hj  Kochin  function  of  o, 

Ha  Kochin  function  of  o(x) 

Hj  Kochin  function  of  a3 

Pe  external  pressure  acting  on  hull 

0-XYZ  orthogonal  coordinate  system  fixed  to  space  (see  Fig. 

1) 

o-xyz  orthogonal  coordinate  system  moving  with  ship  advance 
speed  (see  Fig  i) 

8  factor  of  decrease  cf  incident  wave 


Fig.  1  Coordinate  system 


1.  INTRODUCTION 

The  resistance  increase  of  a  ship  advancing  in  waves  is 
calculable  by  Maruo’s  formula*1!  when  the  distribution  of  the 
hydrodynamical  singularity  for  the  ship  is  known.  The. distri¬ 
butions  of  the  singularity  are  given  by  many  researchers. 

They  are,  however,  obtained  under  the  assumption  of  slender- 
ship.  Therefore  the  theoretical  predictions  do  not  agree  with 
the  experimental  values  in  case  of  full  tankers  and.  floating 
-  \rine  vessels  ;With  blunt  bow. 

Though  several  reasons  are  considered  for.  the  above 
mentioned  disagreements,  the  main  one  is  that  the  longitudinal 
boundary  condition  with  respect  to  fluid  velocity  is  not 
satisfied  under  the  slender-ship  assumption.  Considering. this 
fact,  Fujii  et  aL*2!  studied  the  effect  of  bow  upon  the 
resistance  increase.  They  replaced  the  bow  part  with  a  semi¬ 
circular  cylinder  and  calculated  its  resistance  increase  by 
Havelock’s  formula.*3!  Higo  et  al.*4l  studied  the  case  of  a 
box-type  fli  ting  vessel.  They  satisfied  the  longitudinal 
boundary  condition  using  the  strip  method  of  longitudinal 
cut  and  introduced  the  resistance  increase  formula  including 
the  effect  of  blunt  bow. 

In  the  present  investigation,  we  deal  with  the  diffrac¬ 
tion  problems  of  a  slender-ship  with  ,  blunt  bow  and  stern, 
satisfying  the  longitudinal  boundary  condition  by  the  vertical 
line  singularities  distributed  -at  bow  and  stem  parts. 

The  distribution  of  the  singularities  related  with -the 
vertical  boundary  condition  is  obtained  following,  the  method 
of  Faltmsen*5!  or  Maruo*6*  under  the  assumption  of  slender- 
ship. 

To  make  sure,  the  orders  of  various  quantities  are 
written  in  the  following. 

(1)  Ship  breadth  0=O(e)  (g<l). 

(2)  Wave  length  X=0(e). 

(3)  Wave  height  ?w=O(e‘0)  (0*1) 

(4)  Advance  speed  of  ship  U=0(ew ) 

In  the  above,  ship  length  L  =  0(1). 

2.  DIFFRACTION  POTENTIALS  DUE  TO  BLUNT  BOW 

AND  STERN  PARTS 

In  this  section,  we  deal  with  the  diffraction  potential 
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which  is  not  considered  in  the  ordinary  slender-ship  theory 
but  is  necessary  to  satisfy  the  longitudinal  boundary  condition. 

In  order  to  treat  the  problem  approximately,  we 
modify  a  given  ship's  form  into  a  wall-sided  vessel  which  con¬ 
sists  of  semicircular  cylinders  in  bow  and  stem  parts  and  a 
parallel  part  as  shown  in  Fig,  2.  The  radius  a  of  the  semi¬ 
circular  cylinder  is  given  by  B/2  and  the  draft  T  of  the 
modified  vessel  is  determined  so  as  to  coincide  the  displace¬ 
ment  with  the  given  one.  Thus 


f  =_£» ±1 


R  =  V(x-x')1  ■Ky-y*)’.-  i 

Hence  the  diffraction  potential  due  .to  a.  is  given  by. 

<t>)  =  /^OjGifXi  y,  z;  x',  y\  z’)  dz\  I 

(j  =  1,  3) 

Substituting  eqs.  (2)  and  (3)  into  eq.  (S)  we  get 
=  /x^uH‘oI)(KR,Xrol  0  =  1,  3),  ( 


3=3 

CO 

Fig.  2  Modified  form  of  blunt  ship 

2,1  Zero-speed  Problem 

In  order  to  satisfy  the  longitudinal  boundary  condition, 
we  distribute  sources  on  z  axis  and  vertical  axis  through 
point  O'  corresponding  fore  and  aft  parts  respectively  as 
shown  in  Fig.  2, 

Here  we  make  several  assumptions  to  determine  the 
strength  of  the  sources. 

First  we  assume  that  4>,  and  $3  do  not  affect  each 
other  and  4>,  is  not  affected  by  <t>j.  Since  incident  wave 
decays  through  ship’s  parallel  part,  the  velocity  of  the  inci¬ 
dent  wave  at  stem  part  is  decreased  and  we  determine  the 
factor  of  decrease  8  by  experimental  data. 

In  the  process  of  determination  of  source  strength, 
we  assume  that  the  draft  of  the  modified  vessel  is  infinite. 
And  if  the  source  strength  is  once  determined,  then  we  as¬ 
sume  that  the  singularities  are  distributed  on  0>z>-T  for 
the  calculation  of  d>,  and  q>3. 

We  put  the  strength  of  the  sources 

3,  ;  o0=const.'i  0>z>— ).  (2) 

Because  we  assume  infinite  draft,  the  wave  source 
potential  G2  by  the  source  of  unit  strength  placed  at  a  point 
(x’t  y\  z’)  is,  as  explained  by  BesshoU! ,  given  by 

G3=2mKeK<**>H<01>(KR),  (3) 

where  Ho the  first  kind  of  Hankel  Function, 


Ri  =  VxJ  +  y1,  (7) 

R3  =  Vfx-L+B)1  +  y1.  (8) 

Unknown  constants  oQj  are  determined  so  as  to  satisfy 
tnc  average  of  the  boundary  condition 


on  the  bow  and  stern  parti  In  eq.  (9)  relates  the 
potential  of  the  incident  wave  and  is  put 

K  =— '■  exp(Kz).)  (10) 

CO 

Substituting  eqs.  (6)  and  (10)  into  eq.  (9),  We  have 

o0ji*eKl  Ho  )(KRJ)  =  /cof, 

X  exp(Kz-iKx)-  cosOj.  (II) 

In  order  to  satisfy  eq.  (11)  on  the  average,  we  put 
fin  s  ^f,expdCzj3-/Kxja)-cosSjn  ,  (12) 

G.n  h  i>exp(KzjK)  H(0l)(KRp  (13) 

and  define 


J=^r%V’  «4> 

where  (x,n,  v,n,  Zjn)  are  the  points  on  the  bow  (j-:l)  and 
stem  0=3)  i  -rts  to  satisfy  the  boundary  condition.  We  can 
determine  auj  so  as  to  minimize  J.  From  eq,  (14)  we  get 

*01=1  w£v-  a®) 

Substituting  eqi  (12)  and  (13)  into  eq.  (15),  we  get 

.  _ 
oj 

S  exfK2KZja^/Kxja).  cosdjaHlsl>(KRj0) 


S  exp{2K^n)|H(1I,(KRJa)} 


In  eq.  (16)  ow  must  be  multiplied  by  6  considering  the  above 
mentioned  assumption.  And  in  the  same  way,  if  o0j  is 
determined,  considering  the  finite  draft  of  the  ship,  becomes 

4>t  =  o0Ji*eK*(l-e-«f)H(,1)(KRJn),  (17) 

Essentially  the  sources  should  be  distributed  on  the 
surface  of  the  ship.  Hence  for  the  far  field  problem  the 
above  mentioned  centralization  of  the  sources  is  reasonable 
but  not  for  the  inner  field  problem  such  as  the  calculation 
of  effect  of  <l>j.  In  the  latter  case,  we  change  the  position 
of  the  centralization  and  assume 

R,  — *  Rj  =  Vfx+BF+y1  for  <t>u  (18) 

R3  - ►  Rj  =  s/(x-L)J+y5  for  d>,.  (IP 

2.2  Forward-speed  Problem 

In  this  paper,  since  ft  =  weU/g  =  0(1)  is  assumed, 
there  is  a  region  before  ship  to  which  the  wave  does  not 
propagate.  Therefore,  it  seems  that  there  are  qualitative 
differences  between  the  flow  field  of  zero-speed  problem  and 
that  of  forward-speed  problem.  But,  because  we  assume 
that  the  surfaces  of  the  ship  in  bow  and  stem  parts  are 
blunt  and  0  =  0  (e14),  the  strength  of  the  singularities  in 
forward-speed  problem  may  be  determined  by  the  same  way 
in  zero-speed  problem. 

Instead  of  eq.  (6),  we  assume 


=  fxeK“l41,(KeRJ)ff0j, 
then,  through  eq.  (9)  we  get 


e, 

oj  trK, 


j^exp  |(K4+K)Zj  n  -  fiCXj  a  |  cosflj  •  Hi1’  (K{  R^  n ) 
|exp(2KezjB){H(lI>(KeRJn)}1 


v  T-  v-w 

vJim  -  _expjigyW(k-K)Mji}  ABAtr  f 
X  p-vo  t-  N/(k-K)!+SMK-/u) 


o*  =  /"  c(x)e-,k*dx.  (2 

—  *» 

Under  the  assumption  of  the  slender-ship,  the  near 
field  expansion  of  eq,  (23)  becomes!6! 

=  -V&K  exP(Kz-%  /x-~%d? 

H  o  vlx-{l 

-2irc(x)  exp(Kz-  -^-)+4jrKly|eKt(j(x) 

.  ve-KiytVv’+l, 

~Mx)S0  ^wlvcos(KvZ) 


+sin(Kvz)|dv. 


If  the  diffraction  potential  due  to  parallel  part  <J>2  is 
given  by 


$a  =  dsexpjffwt-Kx)} 


and  da  is  slowly  varying  function  with  x,  then  Laplace 
equation  becomes 

3lda  ,  1  3da  .  1  3Jda  , 

TaT  +7~W  =  K 

and  the  freo-surface  condition  is 


s-®1'’”'"  *f  • 


dj  =  o^xeMa-e-^H^OC.R,).  (22) 

3.  DIFFRACTION  POTENTIAL  DUE  TO  PARALLEL 
SLENDER  PART 

The  disturbed  velocity  due  to  parallel  part  occurs 
from  satisfying  the  boundary  condition  about  the  vertical 
velocity.  Therefore  it  can  be  obtained  by  the  use  of  the 
ordinary  slender-ship  theory,  but  the  effect  of  the  fore  and 
aft  blunt  parts  must  be  considered. 

As  slender-ship  theory  we  use  the  method  which  was 
created  by  Faltinsen*5!  and  improved  by  Maruo  et  al.l61. 

3.1  Zero-speed  Problem 

In  order  to  obtain  the  far  field’s  flow,  we  put  a 
singularity  distribution  on  the  centerline  of  the  ship.  Then 
the  velocity  potential  $a  becomes!8 1 


y  3  r  sinf),  z  =  -r  cos8.  (2! 

The  symmetrical  wave-free  potential,  which  satisfies 
eqs.  (27)  and  (28)  and  is  zero  at  infinity,  is  given  by 

=  KJn_j(Kr)  cos  j(2n— 2)®} 

+  2K3n_j(Kr)  cos|(2n-l)d} 

+  K,  (Kr)  cos  (2n9),  (3' 


where  K_  is  the  second  kind  of  modified  Bessel  function, 

n 

Because  we  can  represent  the  solution  by  the  linear 
combinations  of  eqs.  (25)  and  (30),  putting 


c  -4  J 


ve-!t!y!V^:+l  , 


-4  ;o  (VHIK^TI  lvcos(kvz) 

+sin(Kvz)  J  dv+4»K|y|eKl , 
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we  write 


(41) 


** =  -^Mp(Kz-T)/o'^rd| 

^(x)[*R+2»ie*+Jfm*m’. 


(32) 


where  p„  is  to  be  determined. 

m 

On  the  other  hand,  the  boundary  condition  on  the 
ship  surface  is 


r-  { <*a  +  *n)  !  +  — <*.  +  ♦»>  =  o,  (33) 

3n  1  '  3r 


r0  =  K0),  r,  =  r(-y). 


(42) 


If  pm  and  O(x)  are  obtained  by  the  method  already 
mention-.*  the  velocity  potential  due  to  the  parallel  part  is 
given  l.  he  following  equation. 

♦*  °(*)K -^‘1 


ro*l 

at  jKt.+/Kx 

-<±i*  + - 

w  K 


(43) 


where  n  is  normal  to  the  ship  surface. 

But,  assuming  the  slender-ship  and  following  Maruo's  process*6*, 
we  obtain  the  equations  for  pm  and  o(x)  as  follows: 

j1Pm^By1{Vm(e)-Vln(0)e'«'*-'®->} 

X  cos(0-hO-{(PBl-PBlOeK<f*"feo,,>) 

X  cos(0+7)+PBysin(0+y)  |  X  Vm(~-)1  = 
^Byl!VR(O)eK(,*_,",4)cOS<^-VR(0)  I 

+  \<-*Bz~*6iOem'~aa)  ) 

cosfS+y)  +  0Bysin(0+y)|  x  VR(~),  (34) 


and 


{ o(x)-2ir/|o(x)  =  -  s/&xK  e  4 


XX 


<t(5) 


o  >/lx— 51  CJ 


d5  +  i£  eK*«nu 


where 


0B  =  t'weKl(l— e~2KT) 
,<n 


3p, 


3 


^Byl 


-A,  0  =J*S 
?Bi  3z  ’  az 


r  s  r,, 
9s2 


r  =  r0 
0  =  0 


(35) 


X  juoiHo  (KR,’)  +  OojHo  (KRj’)|,  (36) 


(37) 


(38) 


and  r  =  r (0f  is  the  equation  of  the  ship’s  hull.  Further¬ 
more,  y  is  the  angle  between  r  and  n,  and  we  put 


V„(0)  ,  3  ,  sin 7  3  , 

— S-  =  (cos  7  ~  + - —  )N?r  , 

r0  3r  r  30  R 


V„(0)  ,  a  ,  sin7  3 

-^-=(C0S7i7  +  -r-^)'*'ns  > 


(39) 

(40) 


3,2  Forward-speed  Problem 

In  the  same  way  as  in  zero-speed  problem,  the  far 
field  solution  of  the  slender-ship  is  obtained  by  the  singularity 
distribution  on  the  centerline  of  the  ship  and  is  given  by 

<t>a  =  -~r  o*(k)efkx 

-  expji'Sy  +  ?.J (k+K)1  +61  ( d£dk 
x  ltm  /  - 1 - - — - - — 1 - - - 

Vfk-K)1  +£>  -  J  we+U(k-K)-/p} 1  ‘ 

(44) 

The  inner  expansion  of  eq.  (44)  is  given  by 
Faltinsen*5*  as  follows: 


8»Kw  * 

—  exp(Kz-,T) 


xA^IL-dJ  -  e*1 


4*o(x) 


v  I  vcos(Kvz)+sin(Kvz)l  -kiyJ^TT  dv 
X  *  o  (v5+l)  ■v/vHT 

-*KlyleKt 


(45) 


Eq.  (45)  is  almost  the  same  as  Faltinsen’s  formula 
but  has  a  little  difference  in  the  term  with  respect  to 
advance  speed.  The  third  term  does  not  appear  in  Faltinsen’s 
formula,  but  the  difference  of  the  order  of  it  from  other 
term’s  is  0{e%)  and  so  must  be  considered. 

Now,  because  the  equation  of  the  near  field  solution 
in  case  of  forward-speed  problem  is  all  the  same  as  in  zero- 
speed  problem,  p2  is  given  by  the  linear  combinations  of 
eqs.  (45)  and  (30).  Namely,  putting 

.  ve-*1**^"  ,  , 

*R  =  -  4  4  T— ~=7rf  |  vcosOCvz)  +  sin(Kvz)}  dv 


o  (v*+I  Vv’+l 
+  4*K|y|eKl, 


(46) 


we  have 
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It 


fr 


<t>  1 


4 


8*Kw  „„  „ 

— — -exp(Kz-ii) 
<i>;+KU  4 


« t.i&k*  *  ■«!*■ 


*  5  ,t| 

v'S—frl  ""  ' 

uu 


(47) 


The  method  of  the  determination  of  pm  and  o(x)  is 
all  the  same  as  in  case  of  zero-speed  problem,  but  the  effect 
of  the  disturbed  velocity  due  to  the  fore  and  aft  parts  is 
taken  into  consideration  by  the  eqs.  (21)  and  (22).  The 
results  are  as  follows: 


The  equation  for  pm  is 


same  form  as  eq.  (43). 

4,  EXTERNAL  PRESSURE  AND  RESISTANCE  INCREASE 

Before  this  paragraph,  the  method  how  to  calculate 
the  diffraction  potentials  of  the  slender-shipwith  blunt  bow 
and  stem  is  shown.  In  this  paragraph,  external  pressure  and 
resistance  increase  in  head  seas  ate  treated  as.  the  application 
of  it. 

The  total  velocity  potential  <I>  is  given  by 
*  =  {*,+*»+<#»+  *w)  e-,Kl}e'“r '.  (52) 

Since  the  external  pressure  Pe  is  given  by 


P*  =  - 


(53) 


|  Pnl[{Vm(O)eK('«-ras»>cos(0+y) 

-  vm(fl)}  VrVf>{4BloeK<,*-,“‘S) 

X  cos(0+y)  -  <t>Blcos(p+y)  -  <fBy  sin(0+y)  }  ] 

=| VR(0)-  VR(O)eK<'»-r“*,>cos(0+7)|Vl 

+  VR <7>  |  *b*o  C0S(S+7) 

-  0BZcos  (0+7)  -  0Bysin(0+7)}*  (48) 

The  integral  equation  for  o(x)  is 


o(x)o(x) 


~  _V«,+ 


8*Ku  -jf  x  o(£)  Jt 

e  4  /.  -■/— T7 


KU 


0  Vix-ti 


gf  eKr.+«x 

+ 


03 


^BiO 


(49) 


where 


th'e  external  pressure  acting  on  the  hull  is  obtained  as 
follows: 

|Pel  =  I  -  pto3e[<j>t  +  +■  (<fi2  +  $w ) 

*  •"“’I'  ,  ■  m  <54> 

If  Kochin  function  is  known,  the  resistance  increase 
is  given  by  Mamo’s  formula. 

That  is 


XAW 


.  .  -*•  (m+KoSJ)1  (m+K) 

+  U'V(m+K.Q)*-K*’m»' 


X  lH(m)|’dm,  (fl>W)  (55) 

where 


K’  =  ~  (1  +  2fl  +  VI+4fi)  , 

(56) 

K0  =  g/U1, 

(5?) 

*X)S  kTIV»(0)  +J.P-nV»(0)5 


H(m)  =  //  -(x,  0,  z) 

* 

X  exp  (KjZ  +  (mx)ds,  (58) 


+ 


4a 


+-2-) 

wU 


In  eqs.  (49)  and  (50) 

$B  =  fae^ez(l  -  e_2K*^) 

X  {ooXn(KeR,’) 

+  OosH^IK^Rs’)}, 


K,  =  (m  +  K0fl)J/K0.  (59) 

For  the  calculation  of  resistance  increase,  the 
singularities  in  bow  and  stem  parts  are  assumed  to  be  located 
at  x  =  0  and  x  =  L-B  respectively.  Hence  Kochin  function 
due  to  the  singularity  at  bow  part  is 


H,  =  /°  o01eK'IeK,Idz 
-T 

(51)  "kJ+K,  l1  "  expt“Ki  "  K,)T1-  (60) 


and  the  other  notations  are  the  same  as  in  zero-speed 
problem  but  eq,  (46)  must  be  used  for  ^R. 

Finally  in  forward-speed  problem  is  given  by  the 


In  the  same  manner,  Kochin  function  due  to  stern 

part  is 


where 


H}  =  J°  owexp{(Ke  +  K,)z  +  I(L-B)m|dz 

■  |j  _  e-fKetK,)T|eiiUB)ra  (g)) 


-T 
°CH 

Ke+K, 


Kochin  function  due  to  parallel  part  is  given  by 

L-i 


Hi  =  /  a(x)-e/n”tdx. 

-a 

Because  <J(x)  is  zero  at  the  fore  and  aft  ends,  we  put 

<J(x)  =  oc(x)  +  iot(x) 

»  .  j»(x+a) 

=  £  a,,  sin — - - 

H  **  L 

+  i  v  „  .  i»(xta) 

'  an  — ~ —  . 


(62) 


where 


_  2  .«•-»  ,  i  •  Mx+a)  , 

°cj  =—f_t  oc(x)sm  —  dx, 

2  L-a  ,  , .  j*(x+a) 

°,j  =T/-a  0,(x)sin  dx. 

Substituting  eq.  (63)  into  eq.  (62),  we  have 

Hl  =  (0cj‘ci  -  «V|V 


+  f  £  + 


where 


,  .  Mx+a)  ,  , 

ICj  =  /  jsm - jr - cos(mx)Jdx 

=  [cos(ma){l-(-l)i  cos(mL) { 

-(—!)*  sin(ma)sin  (mL)  j, 

J  -»  L 

-j*/L 


(63) 


(64) 


(65) 


(66] 


have 


"  (j»/L)>-tn“U",)J 

+  sin(ma)|l-(-l)j  cos(mL)}].  (67 

Substituting  above  Kochin  functions  into  eq.  (55),  w 

RAW  =  RAWI  +  RAWJ  +  RAW3  +  RAWI3 

+  RAW23  +  RAW1I,  ^8 


rawi 


RAW3 


=  4rfi[-f  K  +  /  ] 

x  lHj(m)!Jdm, 

=  4*pt-f  *  +  /"  ] 
x  |Hj(m)|’dm 


(m+K0fl)a -(m+K) 

V  (th+Kofl)*  -K05  m3 

(69) 

(m+K0fiHm*K) 

\/(m+K0f2)*“K03ma 

(70) 


and  using  Maruo’s  approximation!9! 

RaW2  =  8xJpK/"_  io(x)isdx,  (71) 

Furthermore  for  the  interference  terms 


rawiz  =  f 


+  U] 


(m*K0ft)V-(m+K) 

V(m+K0f2)4-K02m3 


X  (H,Hi*+HiH,*)dm,  (72) 


'AW13 


=  4»pKl— /  “  +  /"  1 
-K 


(mtK0f2)a  -(m+K) 
•v/(m+K0f2)4  -K03m2 


x  (HjHj*+HjH,*)dm,  (73) 


rawz3  =  4*PKI-/^  +  /_'  1 


(m-t-K0f2)a  -(m+K) 
V(m+Kofi)4  -K0 1  m3 


X  (H2H3*+H3HI*)dm,  (74) 


where  Ht*,  H2*  and  Hj*  are  complex  conjugates  of  H,,  H2 
and  H»  respectively. 

In  case  of  Si<V4,  we  must  notice  that  eq.  (55)  takes 
the  form 


'aw 


=  4apKj-/  K  +  JK  +  /"  1 
—  -K  K“ 


(m+K0n)Mm+K) 

X  Tv  nw'v  a  V  'H(m)ldm> 
V(m+K0nr  -K03  m3 


(75) 


where 


5.  NUMERICAL  EXAPLES 


(76) 


Numerical  calculations  were  carried  out  for  full  ore 
carrier  “Kasagisan-Maru”,  which  had  been  chosen  as  a  subject 
of  studies  on  the  wave  induced  pressure  acting  on  hull  sur¬ 
face.  the  principal  particulars  of  the  drip  are  shown  in 
Table  1. 

The  accurate  expressions  of  the  ship  body  are 
necessary  for  determining  the  longitudinal  source  distribution 
and  the  velocity  potential  around  the  parallel  part.  In  this 
paper,  however,  Lewis  form  transformation  was  employed. 
The  ship  waij  divided  into  twenty  transverse  sections,  and 


-405- 


Length  between  perpendiculars 

(Lpp) 

247.00  m 

Breadth  moulded 

(  B  ) 

40.60  m 

Draft  moulded 

(  T  ) 

16.00  m 

Length/Breadth  ratio 

(L/B 

6.0837 

Breadth/Draft  ratio 

(B/T 

2.5375 

Block  coefficient 

(CB 

0.8249 

Midship  coefficient 

(Cm 

0.9975 

Center  of  gravity  from  midship 

(LCB) 

7.30  m 
fore 

the  beam,  draft  and  sectional  area  of  each  section  were  used 
as  parameters  for  the  transformation. 

There  are  two  integral  equations,  (35)  and  (49),  to  be 
solved.  Though  both  equations  have  the  same  singular  kernel, 
it  is  shown  that  the  integral  equation  of  this  type  can  be 
solved  by  means  of  numerical  integration.  In  order  to  keep 
the  accuracy  of  numerical  integration,  some  devices  were 
applied. 

Eqs.  (55)  and  (75)  were  numerically  integrated  by  the 
method  of  Gauss.  For  the  trigonometric  series  of  Kochin 
function  (65),  ten  terms  were  applied  to  the  numerical 
calculation  program. 

The  factor  of  the  decrease  of  the  incident  wave  was 
assumed  to  be  0.5  in  case  of  Fn=0  and  0.6  in  case  of  F„* 

oJ‘°J 


A/L  =  0.8 

Fn  =  o  - 

Fn  =  0.1  - 

1.0-  Fn  *  0.15  . 

at  Bottom  Center  line 


Fig.  4  Longitudinal  source  distribution 
along  parallel  part 
(A/L  =  0.8,  Fn  =  0,  0.1,  0.15) 

fluctuation  in  the  parallel  part  is  supposed  to  be  due  to  the 
singularities  at  bow  and  stem  parts  and  does  not  appear  in 
the  solutions  of  strip  theory  or  slender-body  theory. 


•  *  Eiperwflts[il] 


at.  by  O.S.H. . 


„  Fn  »  0  Fit  -  0  _ 

Pj/DStj  WL  -  1.0  VI  “1.0  Vi/P9U 

1.0  0.5  0  _  0  0.5  1,0 


SS  el  Midship 


Fig.  3  Induced  velocity  due  to  bow  and 
stem  singularities 
(A/L  =  0.8,  Fn  =  0,  0.1,  0.15) 


Numerical  examples  of  the  induced  velocity  of  the 
diffracted  waves  due  to  the  bow  and  stern  singularities  are 
shown  in  Fig.  3.  In  the  figure  the  ratio  of  bis/Bi  to 
3$w/3zi  along  the  bottom  center  line'  is  shown. 

Fig.  4  shows  the  longitudinal  source  distribution  along 
the  renter  line  of  the  ship.  It  is  obvious  that  there  exists 
a  significant  fluctuation  of  the  source  intensity  aiong  the  - 
ship.  Fluctuations  are  seen  near  the  fore  and  aft  end  parts 
of  the  ship.  This  is  considered  to  arise  from  that  the 
»ctkmal  configuration  varies  rapidly  in  these  parts.  The 


Transverse  distribution  of 
hydrodynamic  pressure  acting 
on  hull  surface 
(A/L  =  1.0,  Fn  =  0) 


The  transverse  distributions  of  the  hydrodynamic 
pressure  acting  on  the  hull  surface  are  drown  in  Fig.5  for 
the  cases  of  X/L=1.0,  Fa=0  and  X/L=1.0,  Fo=0  .  The 
values  of  the  pressure  are  plotted  on  the  normals  of  the  hull, 

In  the  figure,  the  numerical  results  by  means  of  ordinary 
strip  method  and  the  measured  results! 11 1  are  shown  too. 

It  is  obvious  that  the  results  of  the  present  calculation  agree 
very  well  with  the  measured  results.  They  also  agree  with 
those  of  the  strip  method  in  case  of  F«=0.  But,  in  case  of 
Fa^O.lS,  the  strip  method  gives  a  little  bigger  value. 

The  longitudinal  distributions  of  the  hydrodynamic 
pressure  are  shown  in  Fig.6  and  7.  Fig.6  shows  the  cases  of 
X/L=0.8;  F„=0,  0.1,  0.15  and  the  values  of  the  pressure  on 
the  centerline  of  the  bottom.  The  measured  values  in  case 
of  X/L=0.75;  F„=0.O15'12*  are  also  plotted.  Fig.7  shows  the 
care  of  X/L=1.0;  FB=0.15  and  the  values  of  the  pressure  on 
the  bottom  centerline  (8=0“),  bilge  (8=505)  and  side  (8=80°) 
respectively.  The  measured  values  hr  the  seme  condition?113' 
as  in  the  calculation  are  plotted  in  this  fgure.  As  is 
obvious  from  the  figures,  the  agreement  between  the  calculation 
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The  calculated  results  of  the  added  resistance  due  to 
diffraction  in  regular  head  waves  are  drown  in  Fig.8. 

Since  there  is  no  experimental  result  directly  compared 
with  the  present  calculation,  the  results  for  Series  60,  CB= 0,8 
ship  fonn*IJl  are  plotted  in  the  figure.  The  calculated  results 
by  Gerritsma's  method!1*!  are  also  shown.  For  the  present 
calculation,  the  components  of  the  added  resistance  are  shown. 
But  the  interference  terms  are  so  small  that  Rawu  30(1  raw23 
are  neglected.  The  figures  show  that  the  present  method 
explains  the  qualitative  characteristics  of  added  resistance  in 
short  wave  region,  where  hill  ships  generally  have  large  added 
resistance. 


A/l 

Present  Cal. 


fujii's  Cal. [2] 
Fujii's  Exp. [2] 


1-0 

OB 


o  0.05  0.1  Fn  0.15 

Fig.  9  Effect  of  advance  speed  on  added 
resistance  in  regular  head  waves 


Fig.9  shows  the  effect  of  advance  speed  upon  added 
resistance  in  short  wave  region.  In  the  figure,  Fujifs  curve 
and  his  experimental  data11'  are  also  shown.  Though  Fujifs 
curve  shows  that  the  added  resistance  increases  with  speed, 
the  present  curve  has  a  maximum  point  beyond  which  the 
cum  has  the  tendency  of  decrease.  But,  roughly  speaking, 
the  agreement  of  the  both  curves  is  good. 

6.  CONCLUDING  REMARKS 

The  authors  show  an  analytical  method  which  approxi¬ 
mately  solves  the  diffraction  problem  of  a  slender  ship  with 
blunt  bow  advancing  in  head  seas. 

In  order  to  satisfy  the  longitudinal  boundary  condition 
at  blunt  parts,  vertical  line  singularities  are  introduced.  These 
cause  fluctuation  of  hydrodynamic  pressure  ami  large  added 
resistance  in  short  wave  report.  Some  numerical  examples 
Seem  to  explain  the  characteristics  of  external  pressure  and 
added  resistance. 

But,  since  the  determination  of  vertical  line  sin¬ 
gularities  is  very  rough,  the  quantitative  agreement  between 
calculation  and  experiment  is  not  so  good.  This  is 
especially  true  in  ease  of-  forward-qseed  problem.  Further 
investigation  would  be  necessary. 
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Discussion 


T.  Takahashi  (V.m 

It  has  been  considered  that  a  con¬ 
sistent  treatment  is  necessary  for  the 
estimation  of  the  added  resistance  of  large 
full  ships  in  short  wavelength  region. 

Now,  the  authors  show  us  an  useful  theoreti¬ 
cal  method  as  well  as  interesting  calcula¬ 
tion  results - 

I  appreciate  this  paper  very'  much. 

Would  you  please  let  me  ask  some  questions  ? 

(1)  If  we  want  to  evaluate  the  effect 
of  different  bow  shape  on  added  resistance 
in  short  wavelength,  is  it  possible  by 
authors'  method  using  the  plane  distribu¬ 
tion  of  vertical  singularity  2 

(2)  According  to  the  calculation  re¬ 
sults  shown  in  Fig. 8,  added  resistance  de¬ 
creases  as  advance  speed  increases  where 
a/L  =  0.2.  This  tendency  seems  to  be  re¬ 
verse  to  our  experimental  results  for  full 
ship  models  in  short  wavelength.  I  suppose 
that  energy  dissipation  due  to  reflected 
waves  on  bow  surface  per  unit  time  increases 
when  a  ship  is  running,  compared  with  the 
case  of  zero  speed,  owing  to  increase  of 
encounter  waves.  How  can  be  explained  from 
the  theory  that  added  resistance  due  to 
diffraction  waves  or.  bow  of  runninq  ship 

is  smaller  than  the  zero  speed  case  ? 

I  am  much  obliged  to  you  if  a  plain 
explanation  is  given. 


Y.  MmenoltfnfeofOHmtofccivr# 

(1)  You  mentioned  that  in  Fig  .4  the 
fluctuation  of  the  source  distribution  in 
the  midship  region  is  due  to  the  bow  and 
stern  singularities,  and  that  it  does  not 
appear  in  the  solution  of  strip  method. 

If  you  have  the  results  of  strip  method, 
would  you  show  us  the  c caparison  of  the 
singularity  distribution  between  your 
method  and  the  strip  method 

(2)  In  Fig. 8(b),  how  does  your  result 
behave  when  the  wave  length  becomes  very 
large  ? 


Author’s  Reply 


R.  HoSOda  (t/m.  <XOsa*a  Prdedum 


Mr. Takahashi  asked  the  applicability 
of  the  present  method  to  more  general  case. 


The  authors  think  that  basically  it  is 
possible  to  apply  the  present  method  to 
more  general  and  complicated  problems,  by 
replacing  the  vertical  line  singularities 
with  a  surface  or  plane  distribution  of 
singularity.  But,  some  difficulties  are 
expected  in  satisfying  the  body  boundary 
conditions  at  the  ship  bow  and  stern. 

It  say  be  especially  true  when  the  ship 
has  a  big  bulbous  bow.  There  will  be  much 
sore  difficulties  in  evaluating  the  dif¬ 
fraction  effects  from  bow  and  stern  on  the 
fluid  motions  in  the  middle  parallel  body 
domain.  Also,  a  lot  of  computer  time  will 
be  necessary  for  the  numerical  calculation. 

As  for  his  second  question,  in  case  of, 
zero-forward  speed,  the  authors  agree  with 
his  comments  that  the  energy  dissipation 
will  increase  with  the  frequency  Of  encoun¬ 
ter  .  When  the  ship  has  a  speed  of  advance, 
however,  it  should  be  noticed  that  there 
exists  a  region  in  front  of  the  ship  bow 
where  are  no  waves  reflected  from  ship  bow. 
In  such  a  case,  the  rise  of  the  advance- 
speed  does  not  necessarily  mean  the  increase 
of  energy  dissipation. 

However,  the  similar  method  as  that  in 
zero-speed  problem  was  used  for  the  deter¬ 
mination  of  bow  and  stern  singularities . 

And,  as  we  can  easily  understand  from  Eg. 

(21) ,  the  strength  of  vertical  singularities 
at  oov  and  stern  parts  decreases  while  the 
frequency  of  encounter  increases.  This  is 
another  reason  why  the  rise  of  the  frequen¬ 
cy  of  encounter  or  the  advance  speed  gives 
the  small  value  of  the  added  resistance. 

But,  as  is  mentioned  in  the  concluding 
remarks,  the  procedure  employed  here  is 
simplified  one,  therefore  the  authors  think 
that  the  results  may  not  necessarily  ex¬ 
plain  the  real  phenomena . 

Professor  Himeno  asked  that  how  is  the 
difference  between  the  longitudinal  source 
distribution  obtained  by  means  of  the 
present  method  and  of  the  strip  theory. 
Fig.A-l  replies  to  his  question.  In  the 
figure,  solid  line  indicates  the  result  by 
the  slender-body  theory,  namely  the  strip 
theory.  It  is  obtained  by  the  same  way  as 
Haruo  and  Sasaki's  method.  As  is  mentioned 
in  the  paper,  hump  and  hollow  near  the  fore 
and  aft  ends  are  due  to  the  rapid  change 
of  the  sectional  shape  of  the  ship.  At  the 
middle  parallel  body  part,  the  curve  by 
strip  theory  does  not  have  any  hump  or 
hollow. 

He  also  questioned  the  behavior  of  the 
added  resistance  when  the  incident  wave 
becomes  very  long.  According  to  the  calcu¬ 
lated  results  presented  here,  the  added 
resistance  due  to  ditfraction  seems  to 
increase  with  the  incident  wave  length. 

This  increase  is  considered  to  come  from 
that  in  determining  the  source  strength  of 
forward  speed  problem,  we  used  the  same 
method  as  that* in  zero-speed  problem.  In 
the  fundamental  assist  ions,  we  assumed 
that  the  incident  wave  length  is  small  com¬ 
pared  with  the  ship  length ,  namely  n(-teU/g) 
>1/4.  Therefore,  nothing  should  be  mention¬ 
ed  about  the  added  resistance  in  the  range 
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of  <  l/** »  i-e- 
incident  waves* 
effect  generally 


in  the  range  of  very  long 
But,  the  diffraction 
decreases  with  increase 


of  the  incident  wave-length.  Consequently , 
the  added  resistance  due  to  diffraction  nay 
decrease  and  tend  to  zero. 
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Added  Resistance  in  Waves  in  the  Light  of 
Unsteady  Wave  Pattern  Analysis 
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ABSTRACT 

The  measurement  and  the  analysis  of  the 
unsteady  waves  generated  by  a  ship  model  run¬ 
ning  with  a  constant  forward  velocity  into 
regular  head  waves  are  proposed  for  deriving 
the  spectrum  of  those  waves  and  for  getting 
directly  the  added  resistance  by  the  ceetp ro¬ 
tation  of  the  energy  flux  of  the  measured 
waves  far  away  from  the  model  without  rely¬ 
ing  upon  the  resistance  test  in  waves. 

Me  nee<  to  treasure  the  distribution, 
along  a  line  parallel  to  the  running  course 
of  a  ship  aodel,  of  the  amplitude  and  the 
phase  of  the  wave  motions  sinusoidal  in  tire 
for  carrying  out  the  wave  analysis  proposed. 
Xt  is  not  so  easy  as  in  the  measurement  of 
the  stationary  wave  pattern  to  get  those 
informations  on  the  unsteady  waves  with  the 
way  usually  used  for  measuring  the  wave  ele¬ 
vations  in  a  water  tank.  A  special  wave 
measuring  system  is  also  proposed  with  which 
we  can  measure  the  distribution  of  the  amp¬ 
litude  and  the  phase  of  the  wave  elevations 
without  difficulty. 

The  unsteady  waves  around  a  ship  model 
running  in  waves  are  supposed  to  be  a  stnser- 
pesition  of  the  radiation  waves  induced  by 
its  oscillation  in  incident  waves  and  the 
diffraction  waves  made  by  the  scattering  of 
the  incident  waves  on  its  hull  surface  when 
it  is  running  in  waves  with  its  oscillations 
suppressed.  The  radiation  waves  of  a  tanker 
model  forced  to  undergo  prescribed  heaving 
motion  and  pitching  motion  are  measured  by 
means  of  the  proposed  measuring  system  and 
analysed  to  decompose  them  into  the  Kechi n 
functions.  The  Kochi n  functions  thus  obta¬ 
ined  of  the  radiation  waves  eo^ared  with 
the  theoretical  prediction  given  by  Ofilvie- 
Tuck  slender  body  theory  st^port  that  the 
slender  body  theory  can  predict  well  the 
far-field  radiation  wave  pattern  in  minute 


details  even  for  a  full  hull  form.  On  the 
other  hand  the  diffraction  waves  of  a  ship 
model  in  regular  head  waves  are  found  to  be 
not  so  well  predicted  in  details  by  a  slen¬ 
der  body  theory,  for  example,  given  by  Ada- 
chi,  even  though  they  are  qualitatively  in 
good  agreement  with  the  theoretical  predic¬ 
tions. 

The  Kochir  function  of  the  unsteady 
waves  generated  when  a  ship  model  is  progre¬ 
ssing  into  regular  waves  can  he  also  theore¬ 
tically  computed  as  a  summation  of  those  of 
the  radiation  waves  and  the  diffraction 
waves.  They  are  again  not  in  so  good  agree¬ 
ment  with  the  Kochi n  function  derived  expe¬ 
rimentally  with  the  wave  analysis,  though 
the  radiation  wave  component  of  them  are 
supposed  to  be  predicted  well  as  concluded 
above  by  the  theory.  Some  theories  seer  to 
give  the  correct  value  of  the  added  resis¬ 
tance.  This  results  shows,  however ,  that 
sometimes  they  may  not  predict  the  wave  field 
around  a  ship  as  a  cause  of  the  added  resis¬ 
tance.  The  more  accurate  prediction  of  the 
diffraction  waves  and  of  their  interaction 
with  the  radiation  waves  should  be  studied 
fiarther.  The  added  resistance  of  the  model 
evaluated  using  the  measured  Koehin  function 
is  well  correlated  to  the  value  measured  in 
the  resistance  test.  This  fact  is  underst¬ 
ood  to  reveal  that  tie  added  resistance  is 
completely  a  wave  resistance  ladder  little 
direct  influence  of  water  viscosity  and 
accordingly  we  can  compute  it  correctly  with 
the  energy  flux  of  tie  wave  field  far  away 
from  ships. 

NOMENCLATURE 

Fn  =Froude  numj*»r 

g  sgravi rational  acceleration 

Hj, 2  = Kochi n  functions  of  elementary  waves 

k  -wave  number  C*J‘/g) 


the  unsteady  save  patterns 
p  sodel  naming  into  regular  lead 
reposed  in  this  report  end  the 
if  the  wave  pattern  is  derived 
The  ss  teady  saves  generated 
ship  fflodel  are  supposed  to  be 


2.  AKrthVSXS  OF  UMSTEADV  KAVE  PATTERN  AIQfWP 
A  SHIP 

1st  us  suppose  a  ship  jaodel  running  in 
regular  waves  with  a  constant  forward  'tele- 
city  V.  The  reference  £r«use  o-s  y  z  is  as- 
ssted  tc  rove  with  the  average  position  of 


the  model.  The  x-y  plane  is  taken  as  shown 
in  Fig.  1  to  coincide  with  the  calm  water 
free  surface  and  the  z  axis  vertically  up¬ 
ward.  Excluding  the  incide.  regular  waves , 
the  wave  elevation  at  a  point  in  the  moving 
reference  frame  of  the  model  is  generally 
expressed  by 

C(*r  y,  t)  =  c0(x,  y) 


+  ?CU.  y )  cos  (ut  +  e) 


+  Ss(x#  y)sin(wt  +  e)  (1) 


where  the  first  term  on  the  right  hand  side 
denotes  the  stationary  wave  elevation  which 
might  be  identical  with  the  one  generated 
at  the  same  location  when  the  model  is  towed 
in  otherwise  calm  water  with  the  velocity  V. 
Both  the  second  and  the  third  terms  are  the 
unsteady  waves  caused  by  the  diffraction  of 
the  incident  waves  on  the  model  hull  surface 
and  its  oscillatory  motions  induced  in  the 
incident  waves.  In  the  moving  reference 
frame  of  the  model  the  incident  waves  ar¬ 
rive  with  the  frequency  of  encounter  <*>  and 
the  elevation  of  them  is  ca  cos(wt  +  e)  at 
the  location  of  the  model's  midship.  If 
S(x,  y,  t)  is  the  radiation  wave  generated 
when  the  incident  waves  are  suppressed  and 
the  model  is  forced  to  undergo  prescribed 
oscillatory  motion  of  a  mode,  cos(wt  +  e) 
denotes  the  prescribed  oscillatory  motion. 

The  wave  elevation  c(x,  y,  t")  might 
contain  other  components  than  the  terms  ap¬ 
pearing  in  the  right  hand  side  of  the  equa¬ 
tion  (1),  for  example,  the  wave  elevations 
oscillatory  in  time  like  cos(nwt) (n=l , 2, • • • ) . 
They  are,  however,  supposed  to  be  so  small 
as  to  be  ignored  and  even  if  they  were  not, 
their  effects  could  be  removed  from  the 
measured  data  through  the  processing  descri¬ 
bed  later  to  get  the  correct  measurements  of 
the  second  and  the  third  terms  in  the  equa- 
t ion  ( 1 ) . 


The  unsteady  part  of  the  wave  elevation 
of  the  equation  (1)  is  generally,  at  the  lo¬ 
cation  away  from  the  model,  expressed  in  the 
form 
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and  k=w  /g,  f^Vu/g  and  @=tan  sy/x) . 

The  expression  (2)  shown  that  the  un¬ 
steady  wave  pattern  around  a  ship  model  is 
composed  of  tip  component  waves,  hereafter 
called  as  elementary  waves,  progressing  in¬ 
to  various  directions  of  the  angles  0  with 
the  x  axis,  Fpr  each  0,  we  have  generally 
two  elementary!  waves  with  different  wave 
numbers  kf  (i=\,  2)  and  different  complex 
amplitudes  proportional  to  the  Kochin  func¬ 
tions  Hi(0)  (i=\l ,  2) . 

The  knowledge  of  the  Kochin  functions 
Hi (9)  of  the  unsteady  wave  pattern  around  a 
ship  model  provides  us  the  added  resistance 
in  waves  or  the |dauping  forces  of  the  model's 
motions  in  the  ilorm  of  integrals  of  them. 

The  added  resistance  AR  in  regular  head  waves 
is  given {Ref *1)  py 
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where  a<j=  cos"  . 

The  purpose  of  the  analysis  of  the  un¬ 
steady  wave  pattern  proposed  in  this  report 
is  to  derive  those  Kochin  functions  from  the 
wave  elevation  records  measured  for  a  ship 
model  running  in  regular  waves.  If  we  can 
measure  Kc  and  Ss  on  the  line  of  y=constant, 
say,  the  distributions  of  them  on  the  line 
parallel  to  the  running  course  of  the  model, 
the  Fourier  transforms  of  them  with  respect 
to  x  give  the  Kochin  functions  of  the  un¬ 
steady  wave  pattern  which  depend  on  the  model 
hull  form  and  the  forward  velocity  as  well 
as  the  amplitude,  the  length  and  the  angle 
of  incidence  of  the  incident  waves.  Assuming 
the  wave  pattern  is  port-and-starboard  sym¬ 
metrical,  this  is  the  case  with  a  ship  model 
moving  in  head  seas,  the  Kochin  functions  of 
the  unsteady  wave  pattern  around  the  model 
are  given (Ref. 2)  by 
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If  we  put  a  single  wave  probe  at  a  lo¬ 
cation  in  the  moving  reference  frame,  say, 
at  a  point  fixed  to  the  towing  carriage,  to 
measure  ?c  and  ts  ,  a  record  of  the  motions 
of  the  free  surface  provided  with  this  wave 
probe  will  give  those  terms  at  only  one  lo¬ 
cation.  It  is  practically  impossible  to  get 
the  full  distribution  of  them  along  a  line 
of  y=constant  by  such  a  single  wave  probe. 

A  special  system  described  in  the  next  sec¬ 
tion  is  needed  to  realize  the  measurement  of 
5c  and  5S  distributions  along  the  line.  In 
addition  the  wave  elevation  data  can  not  be 
collected  further  than  some  distance  behind 
a  ship  model,  since  the  wave  pattern  is  con¬ 
taminated  by  the  tank  wall  reflections  far 
in  the  rear  of  the  model. 

If  we  can  not  get  the  wave  data  behind 
x=-X»  where  X  is  sufficiently  large  positive 


number,  then  the  integrals  over  -“<x<-x  of 
the  Fourier  transform  (4)  and  (5)  are  evalu¬ 
ated  by  introducing  an  technique  analogous 
to  that  used  by  Newman(Ref .3)  in  the  analy¬ 
sis  of  the  stationary  wave  pattern  around  a 
ship  model  running  in  calm  waters.  Assuming  x 
is  much  larger  than  y  in  the  asymptotic  ex¬ 
pression  of  the  unsteady  wave  patte  ■'(Ref  .4, 
5),  the  wave  elevation  on  the  line  c-  y= 
constant  takes  the  form 
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where  Ai(i=l,  2)  are  complex  constants  and 


k  =  9/v1  (1  +  2 «  +  /T  +  lBl/2 

Substituting  the  expression  (6),  with 
At  determined  such  that  the  curve  (6)  gives 
the  best  fitting  of  the  measured  unsteady 
wave  elevation  in  the  vicinity  of  x=-X, 
for  5c-i5s  from  -X  to  the  negative  infinity 
in  the  integrals  (4)  and  (5),  we  can  evaluate 
them  after  -X  in  the  form  of  Fresnel  integ¬ 
rals.  . 

There  is  not  such  a  problem  in  the  in¬ 
tegration  ahead  of  a  ship  model,  because  we 
are  concerned  here  with  only  the  case  &>h 
and  accordingly  waves  do  not  exist,  except 
the  incident  waves,  far  ahead  of  the  model. 
When  «  is  smaller  than  0.25,  waves  propagate 
forward  from  the  model  and  their  reflections 
on  the  tank  wall  will  disturb  the  wave  pat¬ 
tern  at  almost  all  the  surface  of  water. 

So  the  idea  of  the  analysis  of  the  unsteady 
wave  pattern  generated  by  a  ship  model  in 
incident  waves  can  not  apply  to  this  case. 

It  is  evident  that  the  accuracy  of  the 
Kochin  functions  derived  with  the  formulae 
(4)  and  (5)  from  the  measured  unsteady  waves 
is  dependent  on  the  y  coordinate  of  a  line 
along  which  the  waves  are  measured.  But 
some  results  of  the  wave  analysis  done  with 
different  values  of  y  show  that  the  values 
of  H2>  at  least,  are  not  so  much  influenced 
by  the  magnitude  of  y  if  it  is  larger  than 
one  thirds  of  the  model  length (Ref  .2) . 

3.  MEASUREMENT  OF  UNSTEADY  WAVE  PATTERN 

The  unsteady  wave  elevation  around  a 
ship  model  moving  in  regular  waves  is  ex¬ 
pressed  by  the  equation  (1)  as  already  des¬ 
cribed,  In  it  both  ?c(x*y)  and  5s(x,y)  are 
just  what  we  need  to  measure  along  a  line 
of  y=constant.  One  possible  way  for  mea¬ 
suring  them  might  be  as  follows.  Measure¬ 
ment,  continued  during  a  run  of  the  model, 
of  wave  elevation  with  a  probe  Pj _ installed 
on  the  towing  carriage  as  shown  Fig.  1  pro¬ 
vides  us  with  a  time  history  of  the  sinu¬ 
soidal  motion  of  water  surface  at  a  point 
in  the  coordinate  system  moving  forward 
with  the  model.  That  is,  it  gives  5(x,y,t) 
in  the  left  hand  side  of  equation  (1)  for 
a  fixed  value  of  x  and  y,  the  coordinate 
corresponding  to  the  wave  probe  location. 
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From  the  time  history  thus  obtained  we  can 
get  50  bn  the  right  hand  side  of  equation 
(1)  as  the  averaged  bias  of  it  from  zero 
level  and i  5C  and  5S  as  the  cosine  and  the 
sine  components  of  the  sinusoidal  variation 
of  it  in  time.  This  measurement  has  an  ad¬ 
vantage  that  it  makes  it  possible  for  us  to 
acquire  reliable  data  on  three  terms  on  the 
right  hand  side  of  the  equation  (1)  with 
other  noise  components  completely  removed. 
Measurement  continued  during  one  run  of  the 
model  gives,  however,  no  more  than  the  valu¬ 
es  of  them  at  only  one  location  iu  the  refe¬ 
rence  frame  moving  with  the  carrirge.  Ac¬ 
cordingly  if  we  want  to  know  them  at  so  many 
locations  along  a  line  of  y=constant  enough 
to  carry  out  the  Fourier  integral  of  them 
on  the  right  hand  sides  of  the  equations  (4) 
and  (5),  we  have  to  repeat  the  experiments 
many  times  with  different  locations  of  the 
wave  probe,  or  a  tremendously  large  number 
of  wave  probes  have  to  be  set.  This  way  of 
measurement  is,  of  course,  unpractical  in 
spite  of  its  advantage  in  providing  reliable 
data. 

A  measuring  system  was  derived  for  re¬ 
alizing  the  wave  measurement  mentioned  above 
with  only  one  wave  probe  placed  at  a  loca¬ 
tion  in  the  water  tank  but  with  repeated  ex¬ 
periments  for  the  same  frequency  and  the 
same  forward  speed  of  the  model.  This  mea¬ 
surement  which  was  successfully  used  for  the 
measurement  of  the  radiation  waves,  is  as 
follows.  If  the  model  is  forced  to  undergo 
a  prescribed  oscillation  cos(mt  +  e^)  with 
the  time  t  counted  from  a  moment  when  the 
model's  midhsip  passed  the  spot  of  the  wave 
probe  set  in  the  water  tank,  then  the  record 
of  the  wave  motions  there  (no  incident  waves 
exist  for  the  radiation  wave  test)  takes  the 
form 

Sii-Vt,  y,  t)  =  5  (-Vt,  y) 


+  Cc(“Ft,  y)cos(et  +  e^) 
+  5.-(“Vt,  y)sin(wt  +  e.) 

J.  / 


Repeated  runs  of  the  model  at  the  same  fre¬ 
quency  of  the  oscillatory  motion  and  the 
same  forward  velocity  of  the  model  will  pro¬ 
vide  as  many  wave  records  with  different  &i 
as  the  number  of  the  repeated  measurements, 
since  it  is  impossible  to  adjust  to  be 
identical  for  all  the  runs.  This  fact  is 
rather  convenient  for  us.  For  a  fixed  y 
and  t,  the  unknowns  50,  Sc  and  5  s  in  the 
equation  (7)  are  determined  with  several 
different  Ej  and  also  with  several  different 
data  on  the  left  hand  side.  Thus  we  can  get 
the  amplitude  and  the  phase  of  the  sinusoi¬ 
dal  wave  motions  for  every  t,  in  other  words, 
for  every  x=-Vt  along  the  line  with  the  co¬ 
ordinate  y,  with  a  finite  number  of  repeated 
measurements  by  one  wave  probe.  However 
this  system  can  apply  neither  to  the  dif¬ 
fraction  waves  nor  to  the  waves  generated 
by  a  freely  floating  ship  model  in  incident 
waves.  It  is  because  we  can  never  repeat 
to  generate  completely  the  same  regular  in¬ 


cident  waves  in  the  water  tank  and  ail  the 
wave  records  obtained  by  the  repeated  expe¬ 
riments  are  not  regarded  to  be  those  in  the 
same  incident  waves  but  with  different  phases 
of  the  encounter. 

A  r  5w  system,  effective  even  for  the 
measurements  of  the  diffraction  waves,  des¬ 
cribed  below  was  devised  as  a  substitute 
for  those  two  systems. 

We  set  several  number  of  wave  probes 
>jl »  W2»  *  •  •  and  Wn  in  the  water  tank  -as  shown 
in  Fig,  1  with  an  equar  spacing  x  and  on  the 
line  of  y=constant  along  which  we  need  to 
obtain  5c  and  5s >  When  a  ship  model  runs 
in  the  regular  head  waves,  each  wave  probe 
will  record  wave  motion  at  its  location 
which,  of  course,  includes  that  due  to  the 
incident  wave.  The  expression,  given  by  the 
equation  £1),  of  the  wave  elevation  at  a 
point  in  the  reference  frame  attached  to  the 
moving  average  position  of  the  ship  model 
gives  us  the  expression  for  the  wave  record 
5j(y,  t)  taken  at  probe  Wj(J=l,  2,  •*•,  N) , 
That  is 


5j(y,  t)  =  5e(-Ft,  y) 


+  5c(-vt,  y) 


x  cosfrnt  +  e  +(J  -  1) * Ax/v*w] 


+  5  (-vt,  y) 


x  sintut  +  e  +{J  -  l)*Ax/v*w] 


+  the  incident  wave  (8) 

where  the  time  t  is  measured  from  the  instant 
when  the  model's  midship  passes  the  position 
of  the  probe  Wj  and  e  is  the  phase  of  the 
encounter  of  the  incident  waves  with  the  mid¬ 
ship  at  the  instant  when  it  passes  the  posi¬ 
tion  of  the  probe  Wy.  If  we  can  exclude  the 
incident  waves  from  the  right  hand  side  of 
the  equation  (8)  and  if  we  replace  -vt  with 
x  ir.  every  record,  then  5j(y,  t) ,  even  though 
really  they  are  the  records  at  different 
spots,  are  equivalent  to  the  wave  elevations 
which  might  be  measured  at  a  spot  (x,  y)  in 
the  reference  frame  moving  with  the  model  but 
at  different  time  instants  t-(J-l JAs/V-w. 

So  we  can  determine  5o(x»  y) ,  5c(x,  V)  and 
5s  (x»  y)  from  those  N  records  at  every  x 
along  the  line  parallel  to  the  course  of  the 
model. 

The  way  of  exclucing  the  effect  of  the 
incident  waves  from  the  record  obtained  by 
Wj  is  as  follows. 

When  the  running  model  locates  some  dis¬ 
tance  behind  the  probe  Wj,  the  wave  record 
at  this  orobe  does  not  contain  yet  the  dis¬ 
turbance  by  the  model  but  the  incident  waves 
(the  unsteady  wave  measurement  is  possible 
and  done  only  for  fi>0,25).  This  record  taken 
during  several  periods  of  the  incident  waves 
before  the  model  comes  close  to  the  probe  is 


-417- 


expressed  in  a  Fourier  series  with  respect 
to  t.  Assuming  this  Fourier  series  expres¬ 
sion  to  give  the  estimates  of  the  incident 
wave  motions  at  the  probe  Wj  even  when  the 
model  proceeds  and  the  record  there  includes 
the  disturbances  by  the  model's  diffraction 
and  radiation,  we  can  subtract  it  from  Sj. 

The  remainder  gives  the  unsteady  wave  motions 
with  the  incident  wave  motions  not  included. 

In  order  to  confirm  the  accuracy  of 
such  extraporated  incident  waves,  we  measur¬ 
ed  the  motions  of  regular  waves  generated  in 
our  tank  without  putting  any  ship  model  dis¬ 
turbing  them  and  compared  them  with  the  est¬ 
imates  of  the  identical  regular  waves  extra¬ 
polated  by  the  procedure  described  earlier 
on  the  assumption  that  we  could  not  measure 
the  wave  motions  after  an  assumed  moment. 

The  results  shows  that  the  regular  waves  in 
our  tank  seem  to  gradually  change  their 
shape.  Their  amplitude,  for  instance,  dec¬ 
reases  or  increases  by  a  few  millimeters  in 
about  10  seconds.  Then  the  extrapolated 
waves  may  have  probably  the  error  of  several 
percents.  But  this  rather  large  error  has 
the  same  frequency  as  a  fundamental  one, 
that  is,  the  wave  lengcn  of  the  error  is 
just  the  length  of  the  incident  waves.  The 
elementary  wave  among  the  unsteady  wave  dis¬ 
turbances  by  a  ship  model  which  is  influen¬ 
ced  the  most  by  this  error  is  the  one  with 
the  wave  number  *2  which  propagates  right 
backward  from  the  model  and  it  hardly  has 
the  effect  on  the  added  resistance. 

4.  THEORETICAL  PREDICTION  OF  UNSTEADY  WAVE 
AROUND  A  SHIP  MOVING  IN  WAVES 

The  time-dependent  waves  in  the  far- 
field  of  a  ship  advancing  into  incident 
waves  are  regarded  as  a  superposition  of 
the  radiation  waves  and  the  diffraction 
waves.  The  former  are  the  time-dependent 
waves  caused  around  the  ship  made  to  advance 
with  steady  forward  velocity  in  otherwise 
calm  water  and  forced  to  undergo  just  the 
same  oscillatory  motions  as  induced  in  the 
incident  waves.  The  latter  are  the  scatter¬ 
ing  of  the  incident  waves  on  ship  running 
with  its  oscillatory  motions  suppressed. 

If  we  linearize  our  time-dependent  problems, 
there  is  no  loss  of  generalit’-  in  so  divid¬ 
ing  the  wave  field  around  the  ship  between 
the  radiation  and  the  diffraction  waves. 

In  order  to  evaluate  theoretically  the 
Kochin  functions  of  the  radiation  and  the 
diffraction  waves  and  compare  them  with 
those  obtained  in  the  analysis  of  the  mea¬ 
sured  waves  around  a  ship  model  in  regular 
head  vavsSt  we  adopt  Ogiivie-Tuck's  theory 
(Ref. 6)  and  Adachi's  theory(Ref .7)  respecti¬ 
vely,  Knowing  the  amplitudes  and  the  phases 
of  the  ship's  oscillatory  motions  resulting 
from  the  wave  exciting  forces,  we  can  evalu¬ 
ate  the  actual  waves  around  the  ship  as  a 
linear  superposition  of  both  the  waves  pre¬ 
dicted  by  those  two  theories. 

Following  the  Ogiivie-Tuck's  slender 
body  theory  based  upon  the  assumption  of  the 
motions  of  high  frequency,  the  radiation 
waves  of  a  ship  making  an  oscillatory  motion 


of  heaving  mode  or  pitching  mode  with  fre¬ 
quency  u  are  given  in  the  far-field  by  the 
pulsating  sources  distributed  on  the  longi¬ 
tudinal  axis,  coinciding  with  the  x-axis  of 
the  reference  frame  employed  here.  The 


source  strength  o(x)eJ 


&Aeie{x) 


is  expressed  by 


where  a(x)  and  e(x)  are  the  amplitude  and 
the  phase  of  the  out  going  wave  motions 
determined  by  solving  the  2-dimensional  pro¬ 
blem  of  forced  unit-amplitude  heaving  motion 
of  each  transverse  section  at  x.  We  have 
already  had  quite  a  few  techniques (Ref .8 ,  9) 
for  computing  them  of  any  arbitrary  shape 
section.  0  denotes  the  heaving  amplitude 
of  each  transverse  section  and  is  not  inde¬ 
pendent  of  x  when  we  are  concerned  with  the 
pitching  motion  of  the  ship. 

The  Kochin  functions  of  the  radiation 
waves  induced  by  the  heaving  or  the  pitching 
mode  of  oscillations  is  expressed  using  the 
source  strength  determined  by  the  equation 
(9),  in  the  form 


H,(0)  =  0  (x)exp[i* -x  cos  9]dx 


(x) e 


expliXjX  COS  5]dx 


Adachi  showed  a  solution  of  the  dif¬ 
fraction  problem  for  a  ship  running  into 
head  waves  which  was  obtained  with  the  method 
of  matched  asymptotic  expansions.  He  assum¬ 
ed  both  the  slow  forward  velocity  and  the 
short  incident  waves,  and  gave  the  solution 
almost  identical  with  Maruo's  solution (Ref . 

10)  at  zero  forward  velocity.  He  also 
claimes  that  his  solution  is  valid  even  for 
much  larger  .  Anyhow  we  are  concerned  with 
the  far-field  velocity  potential  of  the  dif¬ 
fraction  waves.  The  Adachi's  theory  gives 
it  as  follows. 

Regular  head  waves  of  unit  amplitude 
defined  with  respect  to  the  reference  frame 
moving  with  a  ship  are 

exp i  (wt  +  I2x) 

Then  the  diffraction  waves  are  expressed  by 
the  waves  of  the  singularity  distribution 

0  (x)exp  i  (use  +  k jx) 

on  the  x-axis  just  as  for  the  radiation  waves. 
This  singularity  strength  is  the  solution  of 
an  integral  equation 
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x  Vx  -  % 


where 


J  *2Y(s)expIijc2z  (s)  ]  ds 


Y(S')  is  the  distribution  of  Helmholtz  wave 
sourse  on  the  contour  c  of  each  transverse 
section  at  x.  It  is  determined  as  the  solu¬ 
tion  of  a  2-dimensional  boundary  value  prob¬ 
lem  for  Helmholz  equation  by  solving  numer¬ 
ically  the  equation 


f  _  3G 

n*2Y(s)-  jc  k2 Yd)  -35-  ds 


exp[*,z(s) ) 


where  G  is  Green's  function  satisfying  Helm¬ 
holtz  equation,  the  linearized  free  surface 
condition  and  a  radiation  condition.  N  de¬ 
notes  outward  normal,  2(s)  the  z-roordinate 
of  a  point  and  s  the  distance  measured  on 
the  contour. 

Substituting  the  source  density  thus 
obtained  into  the  equation  (10)  gives  the 
Kochin  functions  of  the  diffraction  waves, 

5.  RESULTS  OF  WAVE  ANALYSIS 

Measurements  and  analysis  of  waves  were 
done  for  a  tanker  model  (L=2,0m,  B(breadth) 
=0. 312m,  T(draf t)=0. 119m,  Cb=0.817  and  Cm 
=0.996).  Those  experiments  were  carried* out 
in  the  large  tank  of  Research  Institute  of 
Applied  Mechanics,  Kyushu  University  (80mb 
X  8mB  x  3. 5mD) . 

Eight  wave  probes  were  set  on  the  line 
parallel  to  the  tank  wall  and  at  a  distance 
50cm  from  the  model  center  line.  Spacings 
between  the  neibouring  probes  were  selected 
according  to  the  period  of  the  model’s  os¬ 
cillatory  motions  and  the  forward  speed  such 
that  we  could  get  the  best  Ax/V*w  for  carry¬ 
ing  out  the  first  step  of  analysis  to  derive 
?c  and  5S  from  the  wave  records  at  all  the 
probes. 

In  the  first  we  measured  the  radiation 
waves  induced  by  the  forced  heaving  and 
pitching  motions  of  the  model  for  various 
oscillating  periods  and  forward  speeds, 

Fig.  2  is  one  example  of  the  Kochin  function 
H2(6)  obtained  analyzing  those  radiation 


waves  with  the  procedure  proposed  in  the 
section  2.  The  wavemsnbers  kL=11.7  and 
17,42  (L  is  the  model  length)  are  those  of 
the  forced  heaving  oscillation.  They  corres¬ 
pond  to  the  encounter  frequency  when  the 
model  is  assumed  to  run  at  a  forward  speed 
Fn=0,15  in  the  head  waves  of  1/1= 1 . 0  and 
0.75  respectively  where  X  is  the  length  of 
the  incident  waves.  This  example  shows  that 
the  Ogilvie-Tuck's  slender  body  theory  can 
surprisingly  well  predict  the  Kochin  function 
HgO)  even  for  a  not-slender  hull  form  such 
as  a  tanker  hull  form.  Hi (6)  is  not  so  well 
predicted,  although  it  is  done  so  qualitati¬ 
vely.  Hi (6)  is,  however,  very  small  compar¬ 
ed  with  H2(@)  and  hardly  has  importance  from 
the  practical  point  of  view.  Hereafter  the 
results  for  Hits)  are  not  illustrated  in  this 
report.  Since  we  could  get  the  results  of 
the  same  good  correlation  for  a  more  slender 
hull  form(Ref.2)  when  forced  to  make  heaving 
and  pitching  motions,  we  may  conclude  that 
the  practically  predominant  part  of  the  radi¬ 
ation  waves  for  those  modes  of  motions  can 
be  predicted  by  the  slender  body  theory. 

The  good  agreement  shown  in  Fig,  2  seems 
to  reveal  another  fact  that  the  accuracy  of 
both  the  measurement  and  the  analysis  of  the 
radiation  waves  is  fairly  high.  Considering 
the  very  small  amplitude  of  elementary  waves 
propagating  toward  the  direction  of  around 
6=180°  and  the  large  wave  length,  measured 
parallel  to  the  x-axis,  around  8=90°  (the 
data  Cc  and  £s  can  be  collected  over  three 
model  length,  backward  from  F . P.  of  the 
model  and  they  have  to  be  estimated  after 
that  as  described  in  the  section  2),  the 
accuracy  is  so  good  and  we  are  convinced 
that  the  analysis  is  correctly  done  for 
almost  all  the  directions  of  the  elementary 
waves . 

As  evident  from  both  the  theoretical  and 
the  experimental  H2(6)  shown  in  Fig.  2,  it 
has  a  big  peak  around  0=90°  and  is  very  small 
in  the  vicinity  of  6=180°,  Moreover  the 
integrand  of  added  resistance  integral  is 
much  weighted  for  6  close  to  or  smaller  than 
90°.  It  means  that  even  the  simpler  2-D 
theory  can  predict  well  the  added  resistance 
if  X/l  is  comparatively  large  and  the  radia¬ 
tion  waves  are  dominant  in  the  added  resis¬ 
tance  . 

The  results  of  the  diffraction  wave 
analysis  are  shown  in  Figs. 3  and  4.  The 
steepness  of  regular  incident  waves  used  in 
the  experiments  is  about  1/50.  They  show 
also  good  agreements  between  the  measured 
Kochin  functions  and  the  theoretical  ones 
computed  using  the  singularity  distributions 
given  by  the  Adachi  theory  expecially  when 
the  length  of  the  incident  waves  are  not  so 
short.  Considering  the  model  hull  form  is 
not  slender,  this  agreement  is  again  sur¬ 
prising.  We  can  conclude  from  those  results 
that  we  can  predict  fairly  well  the  diffrac¬ 
tion  wave  fields  around  a  ship  by  the  slen¬ 
der  body  theory  when  we  want  to  predict  the 
added  resistance  in  waves  with  taking  into 
account  the  diffraction  waves.  However  the 
tendency  is  found  in  those  figures  that  the 
agreement  is  the  worse  when  the  incident 
waves  are  shorter  and  the  forward  speed  is 


-419- 


.0 


60  80 


100  120  U. 


160  180 
£(degree) 


60  80  100  120  K0  160  180 

B  (degree) 


Fig. 3  Kochin  function  of  diffraction  waves 


Fig. 4  Kochin  function  of  diffraction  waves 


faster.  Since  the  theory  used  here  is  based 
upon  the  assumption  of  very  low  forward 
speed,  such  a  disagreement  does  not  seem  to 
be  strange.  The  disagreements  found  for 
shorter  incident  waves  are  remarkable  around 
0=12O°‘'wl4O°  and  their  extent  is  the  larger 
for  the  shorter  incident  waves  (the  peak 
around  0=130°  is  much  higher  in  the  results 
not  illustrated  here  for  much  shorter  inci¬ 
dent  waves) .  The  length  of  elementary  waves 
propagating  to  the  direction  of  0=130°,  if 
measured  not  along  the  direction  of  propaga¬ 
ting  but  parallel  to  the  x-axis,  is  about 
one  and  half  times  as  large  as  that  of  the 
incident  waves.  Such  long  waves  are  not 
found  in  the  error  of  the  extrapolated  inci¬ 
dent  waves  which  are  to  be  removed  from  the 
measured  wave  records  as  described  in  the 
section  3.  Consequently  it  may  be  true  the. 


diffraction  waves  of  a  full  hull  form  are 
not  so  completely  for  short  incident  waves 
as  the  radiation  waves  by  the  present  slender 
body  theory.  The  disagreement  is  thought  to 
be  attributed  to  the  bluntness  of  the  bow  of 
the  hull  form  and  the  better  theory  should 
be  able  to  explain  it. 

Fig.  5  and  6  are  the  comparisons  of  the 
theoretical  Kochin  functions  of  the  radia¬ 
tion  and  the  diffraction  waves  of  the  model. 
We  multiplied  the  theoretical  Kochin  func¬ 
tions  of  the  heaving  and  pitching  motions  of 
unit  amplitude  by  the  amplitudes  of  those 
motions  measured  in  the  experiments.  The 
diffraction  waves  are  dominant  in  the  ele¬ 
mentary  waves  propagating  backward  but  the 
elementary  waves  propagating  there  are  not 
so  important  in  the  added  resistance  inte¬ 
gral.  From  these  figures  we  may  understand 
the  relative  importance  of  the  diffraction 
and  the  raidation  waves  in  the  total  wave 
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field  around  the  model. 

Finally  the  results  are  described  of 
the  wave  analysis  when  the  model  runs  with 
a  constant  forward  speed  in  incident  head 
waves  without  any  restrictions  on  its  mo¬ 
tions.  In  Figs.  7  and  8  are  shown  the  re¬ 
cords  of  unsteady  waves  along  the  line  of 
y=50cm.  The  distance  along  the  line  is  mea¬ 
sured  from  F.P.  to  backward  on  a  unit  of  the 
model  length  L.  Ke  must  be  careful  that 
they  are  not  real  records  of  wave  motions 
taken  with  a  wave  probe,  but  the  distribu¬ 
tions  of  Kc  and  Cs  along  the  line  which  are 
obtained  through  the  processing  of  wave  re¬ 
cords  taken  with  all  the  wave  probes  - 

eight  probes  -  set  in  the  tank  as  explained 

in  the  section  3. 

The  vertical  coordinate  shows  Sc  and 
5  s  divided  by  the  amplitude  of  the  incident 
waves  A.  Fig.  7  is  the  reults  for  Fn-0,2, 
*/L=0.6  and  Fig.  8  for  Fn=0.2,  X/L=1.0. 

The  data  untill  31,  to  3.5L  from  F.P.  of  the 
model  do  not  include  the  tank  wall  reflection 
and  can  be  used  as  the  integrands  of  the 
integrals  (4)  and  (5).  At  and  behind  this 
distance  they  were  found  to  be  almost  com¬ 
pletely  fitted  with  the  expression  (6)  given 
in  the  section  2. 

In  Figs.  9  to  11  the  spectrums  of  ele¬ 
mentary  waves  are  illustrated  off  the  measured 
unsteady  wave  field  around  the  model  running 
in  head  waves.  Those  spectrums  are  defined 
in  the  form 


ffjJc24iro)  \2  (cos  6  +  tj/Jt,) 


/l  -  4ft  cos  0 


(14) 


and  therefore  integrating  them  from  a0to  r, 
gives  almost  the  added  resistance  off  the 
model  since  the  contibution  of  Hi (9)  is  very 
small. 

The  theoretical  spectrins  shown  in  those 
figures  were  computed  using  the  diffraction 
waves  and  the  radiation  waves  predicted  by 
Ogilvie-Tuck  theory  and  Adachi  theory  respec¬ 
tively  as  well  as  the  amplitudes  and  the 
phases  of  the  oscillatory  motions  obtained 
experimentally.  The  spectrum  off  the  added 
resistance  is  predicted  fairly  well  with  the 
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Fig. 8  Wave  record 


slender  body  theories  as  the  superposition 
of  the  radiation  and  the  diffraction  waves 
even  for  such  short  incident  waves  as  -/L= 
0.6,  since  the  diffraction  waves  propagating 
to  the  direction  of  9=1 30® ,  where  the  dis¬ 
crepancy  is  found,  does  not  have  so  much 
the  weight  in  the  spectrum  of  the  £orm{14) 
and  consequently  the  difference  with  such 
a  magnitude  as  found  for  1/L=G . 6  does  not 
have  so  much  influence  on  the  spectrum  of 
the  added  resistance.  We  may  conclude  that 
we  can  predict  with  the  rational  basis  even 
the  spectrum  of  the  added  resistance  as  well 
as  the  resulting  added  resistance  of  a  blunt 
bow  hull  form,  taking  into  account  rational¬ 
ly  the  effect  of  the  diffraction  waves, 
unless  the  incident  waves  length  */L  is 
smaller  than  0.6.  For  much  shorter  incident 


waves,  the  discrepancy  between  the  theore¬ 
tical  predictions  and  the  reality  in  the 
diffraction  waves  is  much  more  and  the 
present  theory  is  not  enough  to  predict 
accurately  the  added  resistance,  let  alone 
the  spectrwn  of  it. 

Integrating  the  measured  spectrwns  il¬ 
lustrated  in  Figs.  3  to  11,  if  a  small 
contribution  from  Hi  (3 }  components  added, 
gives  theadded  resistance  derived  from  the 
measured  wave  field.  They  are  compared  with 
those  obtained  in  the  resistance  tests  in 
waves  in  Fig.  12.  The  added  resistances 
measured  with  those  two  methods  are  corre¬ 
lated  with  each  other,  but  the  ones  derived 
directly  from  the  wave  pattern  are  a  little 
smaller  than  the  ones  measured  in  the  resis¬ 
tance  tests.  This  difference  is  interpreted 


to  be  originated  item  the  errors  in  the  re¬ 
sistance  tests  or  the  effect  of  water  vis¬ 
cosity  or  the  errors  in  the  numerical  inte¬ 
gration  of  the  measured  spectrum  especially 
around  small  6  where  we  have  to  analyze  the 
wave  pattern  with  much  more  fine  mesh' of  0. 
To  get  some  conclusion  on  those  problems, 
we  heed  further  investigations.  Here  we 
are  satisfied  with  concluding  that  we  can 
derive  the  added  resistance  from  the  wave 
pattern. 

The  theoretical  added  resistances  shown 
in  Fig.  12  are  obtained  by  integrating  the 
theoretically  predicted  spectrums  illustrat¬ 
ed  in  Pigs.  9  to  11.  It  is  remarkable  that 
both  the  added  resistances  at  Vb=0.6  ob¬ 
tained  by  the  wave  analysis  and  by  the 
theory  are  smaller  than  the  one  in  the  re¬ 


sistance  tests.  It  means  there  is  tr.e  possir 
bility  that  the  comparatively  large  added 
resistance  measured  in  the  resistance  tests 
of  a  blunt  bow  hull  form  for  short  waves  is 
not  attributed  to.  only  the  diffraction 
waves.  . 

6.  CON  CHIDING  REMARKS 

For  the  objective  of  studyinq  added 
resistance  of  a  ship,  measurement  andana ly¬ 
sis  of  the  unsteady  wave  pattern  f ormed 
around  the  ship  running  and  moving  in  regular 
head  waves  were  proposed  and  carried  out  for 
a  tanker  hull  form. 

It  can  be  concluded  from  the  results 
that  the  slender  body  theory  developed  on 
the  assumption  of  short  waves  predicts  sur- 
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prisingly  well  the  detailed  structure  of  the 
radiation  waves  generated  in  the  far  field 
by  the  motion  of  heaving  and  pitching  modes 
even  if  hull  form  is  not  slender.  The  pre¬ 
diction  of  the  diffraction  waves  in  the  far 
field  is  accurate  except  for  very  short  inci¬ 
dent  waves  and  for  faster  forward  velocity. 

It  means  that  we  can  get  the  precise  added 
resistance  of  a  full  hull  form  except  for 
very  short  incident  waves  with  the  diffrac¬ 
tion  waves  taken  into  account  rationally 
with  making  use  of  the  slender  body  theory. 

The  total  wave  field  of  the  ship  freely 
floating  in  waves  is  supposed  to  be  a  super¬ 
position  of  tne  radiation  and  the  diffrac¬ 
tion  waves.  The  theoretical  prediction 
based  on  the  assumption  of  such  a  linear 
superposition  does  give  so  good  results  as 
expected  of  the  spectrum  of  the  total  wave 
field  apart  from  the  troublesome  diffraction 
waves  for  much  shorter  incident  waves.  The 
added  resistance  computed  from  the  total 
flux  of  the  theoretical  wave  field  is  in 
good  agreement  with  that  derived  from  the 
spectrum  of  the  measured  wave  field.  The 
agreement  reveals  that  the  added  resistance 
as  a  wave  pattern  resistance  is  predicted 
well  theoretically. 

Investigation  should  be  done  further 
On  the  difference  between  the  added  resis¬ 
tance  derived  from  the  wave  pattern  and  the 
one  from  the  resistance  test. 
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Discussion 


T.  Takahashi  and  E.  Baba  tum 


At  first,  we  would  like  to  pay  our 
respect  to  the  author  who  developed  a  new 
field  of  "unsteady  wave  pattern  analysis". 
As  very  interesting  results  are  shown  in 
this  paper,  we  expect  further  fruits  of 
this  new  method. 

Our  discussion  is  related  to  the  dis¬ 
crepancies  of  added  resistance  between 
wave  analysis  results  and  resistance  test 
ones,  shown  in  Pig. 12. 

Author  interprets  that  difference  is 
originated  from  the  errors  in  the  resistance 
tests  or  the  effect  of  water  viscosity  or 
the  errors  in  the  numerical  integration  of 
the  measured  spectrum  especially  around 
small  @.  Furthermore,  author  suggests  the 
existence  of  other  factor  not  attributed 
to  only  diffraction  wave  in  short  wave 
length. 

As  for  the  errors  in  the  resistance 
test,  it  will  be  settled  by  making  use  of 
a  large  size  ship  model.  And,  as  for  the 
error  of  wave  analysis,  the  accuracy  can 
be  evaluated  by  generating  numerically  the¬ 
oretical  unsteady  wave  patterns  and  analys¬ 
ing  them  through  the  same  process  as  in 
measured  data,  and  checking  the  results  how 
coincide  with  the  original  Kochin  function 
of  the  generated  wave  pattern. 

when  a  full  ship  with  Cb  =  0.817  as 
tested  by  the  author  runs  at  relatively 
high  speed  Fn  =  0.2,  it  can  be  supposed 
that  wave  breaking  will  occur  near  the  blunt 
bow  and  incident  waves  superposed  on  it 
also  will  break.  So,  we  supposed  that  there 


will  be  other  factor  not  contained  £h  wave 
pattern  at  far  field,  as  suggested  by  the 
author,  and  it  will  give  smaller  added- 
resistance  compared  with-  the  one  obtained 
from  resistance  test.  ■ 

We  would  like  to  ask  the  author,  in 
the  case  of  not,  full  ship  as  scown  ip  the 
reference  2,  whether  same  degree  of  differ¬ 
ences  were  found  or  not  between  wave-analy¬ 
sis  results  and  resistance  test  iesults- 


Author’s  Reply 


M,  Ohkusu  (Kyustu  t/nvj 


I  appreciate  your  ’valuable  discussions 
and  instructive  suggestions. 

As  for  the  way  to  confirm  the  accuracy 
of  the  wave  analysis  1  completely  agree 
with  you.  However,  the  good  agreement  be¬ 
tween  the  theoretical  predictions .  aid  the 
results  of  the  analysis  for  the  Kochin 
function  might  be  interpreted  to  show  the 
reliability  of  the  wave  analysis. 

I  believe  the  wave  breaking  is  possible 
near  the  blunt  bow.  Cur  knowledge  on  the 
detail  structures  of  the  unsteady  waves 
around  ships  oscillating  and  running  in 
waves  is  too  limited  to  draw  any  definite 
conclusion  on  this  possibility.  rSo  I  think 
we  should  continue  to  study  those  unsteady 
waves  along “the  line  I  proposed  here. 

To  my  regret  I  do  not  have  data  on  the 
added  resistance  derived  from  the  wave 
pattern  analysis  of  not  full  ship. 
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ABSTRACT  (3)  Relatively  large  rudder. 


Equations  of  yaw, sway, roll  arid  redder  notions 
are  formulated  to  represent  realistic  maneuvering 
behavior  of  hir£»-speed  ships  such  as  container  ships. 
Important  coupling  terns  between  yaw,  sway,  roll 
and  rudder  were  included  on  the  basis  of  recent 
captive  aodel  test  results  of  a  high-speed  ship. 

Ro!  1 -induced  yaw-rxrjent  can  be  explained  by  the 
concept  of  hull-form-caaberline,  which  is  equiva¬ 
lent  to  that  of  the  wing  section. 

t>  series  of  Ctttputer  runs  was  made  by  using 
the  equations  of  yaw,  sway,  roll  and  rudder  notions. 
Results  indicate  substantial  coupling  effects  be¬ 
tween  yaw,  roll,  and  rudder,  which  tntro&rce 
changes  in  maneuvering  characteristics  and  reduce 
course  stability  in  high-speed  operation.  These 
effects  together  with  relatively  small  GH  (which  is 
typical  for  certain  high-speed  ships)  produce  large 
rolling  notions  in  a  seaway  as  frequently  observed 
in  actual  operations.  Results  of  digital  simula¬ 
tions  and  captive  model  tests  clearly  indicate  the 
major  contributing  factors  to  such  excessive  roll¬ 
ing  motions  at  sea. 

HfflsODUCTIOt; 

Uhen  a  ship  is  proceeding  at  a  high-speed  in 
a  seaway,  serious  rolling  set ions  are  frequently 
observed  in  actual  ship  operations  and  in  model 
testing  in  waves  U3,L2i-  Anomalous  behavior  of 
roiling  and  steering  was  clearly  evident,  for  ex¬ 
ample,  in  full-scale  tests  of  a  high-speed  con¬ 
tainer  ship^ during  cross-Atlantic  and  cross-Raeific 
operations  LlJ. 

Host  of  the  high-speed  container  ships  and 
naval  ships  have  the  following  hull  fora  character¬ 
istics  which  have  major  impacts  on  ship  performance, 
in  particular,  maneuvering  end  rolling  behavior; 

(1)  High  speeds  witn  large  If 8  ratio  and 
relatively  small  Of. 

(2)  fore-and-aft  asymmetry  (e.g,,  with_a_ 
bow  bulb  at  the  bat,  see  figure  1  [3JJ  - 


These  particular  characteristics  introduce  the 
possibility  of  fairly  significant  yaw-sway-roll- 
rudder  coupling  effects  during  high-speed  operations. 

The  major  Objective  of  this  study  is  to  examine 
the  coupled  motions  o*  yaw,  sway,  roll  and  rudder 
for  high-speed  ships  (e.g.,  hull  forms  similar  to 
destroyers)  through  digital  simulation  studies. 

Due  to  the  lack  of  available  hydrodynamic  data, 
no  extensive  digital  simulation  effort  has  previously 
been  made  in  the  area  of  maneuvering  performance  with 
inclusion  of  roll  motion  effect  which  should  have  an 
important  inpact  during  high-speed  operations.  Re¬ 
cently,  high-speed  ships  were  extensively  tested  in 
tie  rotating-am  facility  with  Inclusion  of  roll  mo¬ 
tion  effect.  Test  results  clearly  indicated  fairly 
significant  couplings  between  yaw-sway-roll -rudder 
motions. 

One  of  the  most  inportant  coupling  terms,  i.e., 
the  rol  1 -induced  yaw-roment.  can  be  explained  by  the 
concept  of  hull-Fors-casberllne  as  described  in  the 
paper. 

Accordingly,  a  mathematical  model  was  formulated 
on  the  basis  of  these  experimental  results  combined 
with  analytical  estimations,  for  a  STO-ft-lwsg  hull 
form  which  is  similar  to  that  of  high-speed  con¬ 
tainer  ships  or  naval  ships. 

A  series  of  computer  runs  were  made  by  using 
equations  of  yaw,  sway,  roll  and  rudder  motions  on 
a  digital  computer. 

Results  indicated  substantial  coupling  effects 
between  yaw,  9«ay,  roll  and  rudder,  which  Introduce 
changes  in  maneuvering  and  rolling  behavior.  For 
example,  coupling  tern  introduce  destabilizing  ef¬ 
fects  on  course  stability  and  increase  turning  per¬ 
formance  at  high  speeds.  This  tendency  agrees  with 
actual  observations  mads  during  ship  trials  and 
free- running  model  tests  of  a  high-speed  container 
ship. 

These  coupling  effects  together  with  relatively 
small  fin  and  autopilot  feeAack  produce  large  roll¬ 
ing  motions  in  operations  in  seaways.  Effects  of 
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yaw-sway-roll-  rudder  coupling  on  the  possibility  of 
yaw-roll  instability  were  clearly  demonstrated  in 
simulation  results.  Such  a  possibility  of  roll- 
coupled  yaw  instability  was  observed  during  auto- 
pilotfl-J-sodel  tests  of  a  high-speed  ship  under 
oblique-sea  conditions. 

HULL  COW  I  SURAT  tOHS 

A  high-speed  hull  fora  to  be  'onsidered  in 
this  study  includes  the  following  characteristics 
as  shown  in  the  table  below; 

(!)  High  length-beSa  ratio  and  relatively 
seal!  OH  for  high-speed  operation. 

(2)  Fore-and-aft  asymmetry,  which  3  acre 
pronounced  for  high-speed  ships  with 
bow  bulb. 

(3)  Relatively  large  rudder. 

Length,  t  .ft  500.0 

PP 

Bears  at  UL,  3  ,  ft  60.0 

Draft,  H  ,  ft  1?.0 

Rudder  Area  Ratio,  Ar/£^  1/irf) 

Block  Coefficient,  0.5® 

the  above-mentioned  hull-for*  characteristics  in¬ 
troduce  fairly  substantial  hydrodynamic  coupling 
effects  between  yaw-sway- rol 1- rudder  notions. 

Figure  2  shows  two  curves  which  indicate  the 
distance  of  CS  or  the  local  sectional  area  from  the 
longitudinal  centerline  at  roll  angle  'peg  and  IS 
degrees.  The  curves  can  be  considered  to  be  hgll- 
fom-cassberline,  which  Is  equivalent  to  camber line 
of  the  wing  section. 

Figure  3  shows  the  other  example  of  the  hull- 
fors-casberline  shown  in  the  top  of  the  figir*. 

When  roll  angle  is  not  zero,  the  caoherline  is 
not  a  straight  line,  as  shows  in  these  figures  in¬ 
troducing  hydrodynamic  yaw  moment  and  side  force. 
This  trend  is  =%>re  pronounced  because  of  the  fore- 
and-aft  asysseEry  of  hull  fora,  in  particular, 
daring  high-speed  operation. 

Figure  A  shows,  for  exsnple,  captive  model 
test  results  of  yaw-roll  coupling  effect,  indicat¬ 
ing  hydrodynamic  yaw  moment  to  pert  Introducted  by 
roll  angle  to  starboard.  Similar  yaw-roll  coupling 
was  evident  In  captive  model  test  results  obtained 
by  L.  Hotter  and  also  H.  Harsanoto  L/j. 


BASIC  EQUATIONS  FOR  yAj/-$WA;-R0Lt-RU0S£k  HOTlOfC 


On  the  basis  of  captive  model  test  results 
together  with  analytical  estimations,  an  effort 
was  made  to  formulate  the  equations  of  yaw-sway- 
roll-rudder  actions  to  represent  realistic  maneu¬ 
vering  and  rolling  behavior  of  a  high-speed  ship. 

Figure  5  stews  the  coordinate  system  used  to 
define  ship  notions  with  major  symbols  which  fol¬ 
low  the  nomenclature  used  in  previous  papers. 
Longitudinal  and  transverse  horizontal  axes  of  the 
ship  are  represented  by  the  x-  and  y-axes  with 
origin  fixed  at  the  center  of  gravity.  By  refer¬ 
ence  to  these  body  axes,  the  equations  of  notion  of 
a  ship  in  the  hofiwntal  plane  can  be  written  in 
the  fora; 


!zr  =  H 

(yaw) 

***  =K 

(Roll) 

sfv+yr)  =  ¥ 

(Sway) 

efu-wr)  =  X 

(Surge) 

where  U,  K,  Y,  and  X  represent  total  hydrodynamic 
terns  generated  by  ship  rations,  rudder  and  pro¬ 
peller. 

Hydrodynamic  forces  are  expressed  in  terras  of 
dinensiontess  quantities,  N1,  K*.  Y*.  and  X*  based 
on  non-dioefisionalizing  parameters  p  {water  density), 
0  (resultant  ship  yelocity  relative  to  the  water), 
and  A,  i ,e.. 


i*“  f** 

Hydrodynanlc  coefficients  vary  with  position, 
attitude,  redder  angle,  propeller  revolution,  and 
velocity  of  the  ship;  f«r  example,  in  the  case  of 
hydrodynamic  yaw  moment  coefficient, 

ft*  ■  H'Cv'.r.s.y^.v'.r'.n'.y.f.g'.o*)  (3) 


»'*  «’,*r  §,r‘a  -f.  ft'*  ~  >  -*'*  jp.  etc. 

Finally,  the  following  polynomials  ware  oc¬ 
tal  r.ed  for  predictions  or  ship  dynaaic  motions; 

5{,=aJ+a2v,-Mjr*+aJii+a.y^-..a£v*sr,+ayV,r,s+agv,s 

+a9r*a+a10Sa'Ml  »yo  •Kai2F**Bt3^,+*I«.W»5^,+al6?* 

*3  r  *+b7v  *  r  *"+bgV  ** 

^3r^4bic^-rt!u¥o 

X-cI4e2v'r'a«3v*a+ei|S»4e50*+X' 

n,=dj4d.v,+d3r,+di(6Hi,9«i»os4dyf,S4d^,4dgV*  ft») 


P.0LL-YAV  COy?l£D  INSTABILITY 

Figure  6  shows  roll  extinction  curves  obtained 
in  sisulatljn  runs  on  a  straight  course  at  30  knots 
hawing  G«,  v.  lies  of  3  feet  and  2  feet.  This  partic¬ 
ular  result  was  ebtaited  In  the  roll  equation  un¬ 
coupled  free  yaw  and  sway  equations.  The  roll 
response  shown  in  the  figure  can  be  considered  to  be 
realistic  on  the  basis  of  comparison  with  results 
obtained  fro®  model  tests  of  a  similar  High-speed 
ship  shown  in  the  sane  figure. 

When  roll  extinction  curves  were  obtained  in 
simulation  runs  in  equations  of  rol l -yaw-sway  coupied 
aotions,  an  important  change  in  rolling  and  yawing 
behavior  was  taken  piece.  Bo! 1 -yaw  coupled  Insta¬ 
bility  was  clearly  indicated  in  test  runs.  Figure  7 
stews  ties  history  of  roll  and  yaw  aotions  starting 
on  a  straight  course  at  30  imots  with  an  initial 
roll  angle  of  10  degrees .  The  roll  extinction  curve 
is  approximately  the  sane  as  that  shoxn  in  the 
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.  Rolling  Characteristics 


Roll  ongle,  CM  »  3  ft 


Time,  s 


To  perl 


100 


FIG. 8.  Roll  Extinction  Curve  (With  Autopilot) 


previous  figure  at  the  initial  portion  of  the  run. 
However,  subsequent  roil  and  yaw  motions  are 
divergent,  indicating  roll-yaw  coupled  instability. 
When  an  autopilot  Is  adequately  included  in  these 
'•  .-sway-roll  coupled  motions,  stabi  1 1  ty  charac¬ 
teristics  of  the  ship  system  are  improved  as  shown 
in  Figure  8  where  the  above-mentioned  roll -yaw 
instability  is  ciminated. 


PREDICTIONS  OF  RESPONSE  TO  TURNING  AND  Z-MANEUVERS 

Figures  9  and  10  show  response  to  20°-20°  Z- 
maneuver  having  GM  of  3.0  and  25.0  feet.  The 
approach  speed  Is  30  knots  in  the  tests.  A  compar¬ 
ison  of  heading  angle  response  is  shown  in  Figure  9 
which  clearly  indicates  a  greater  overshoot  angle 
with  GM  at  3.0  feet  relative  to  that  with  GM  of 
25.0  feet.  It  is  clearly  evident  in  this  figure 
that  course  stability  characteristics  are  deteri¬ 
orated  with  reduction  In  GM.  This  significant 
effect  of  GM  on  ship  response  during  Z-maneuver  was 
fairly  well  confirmed  by  free-running  model  tests 
and  actual  ship  trials  in  the  case  of  a  high-speed 
container  ship. 

Figure  10  shows  a  substantial  difference  in 
rolling  behavior  with  GM  of  3  and  25  feet.  It  should 
be  noted  in  this  figure  that  the  largest  roll  angle 
is  generated  for  the  case  of  GM  of  3.0  feet  when  the 
rudder  angle  is  shifted  to  the  other  di rection.This 
clearly  indicates  that  the  rudder  angle  has  a 
counteracting  effect  to  outward  heel  angle  during 
'teady  turning. 

Figures  II  and  12  show  computer-plotted  turn¬ 
ing  and  roliing  characteristics  in  deep  water.  The 
major  parameter  changes  in  computer  runs  were  as 
fol lows; 

1.  Rudder  angle  =  35° 

2.  GM  =  2.01 ,  3.0',  25.0' 

Roll  angle  during  enter-a-turn  is  shown,  for 
example,  in  Figure  12,  which  confirms  very  well 
previous  ful 1-scale  observations. 

Figures  11  and  12  clearly  show  the  effect  of 
GM  on  turning  and  rolling  characteristics.  Sub¬ 
stantial  changes  in  maneuvering  characteristics 
(i.e.,  reduction  in  course-keeping  and  increase  in 
turning  performance)  are  clearly  evident  in  these 
figures  with  a  decrease  in  GM. 

Recently,  Hirano  reported  similar  changes  in 
turning  trajectory  due  to  roll  motion  for  a  car- 
carrier  [l  1 J. 


YAW-SWAY-ROLL-RUOOER  coupled  motions  WITH  AUTOPILOT 

Roll-yaw  coupled  instability  was  clearly  in¬ 
dicated  in  yaw-sway- ro 1 1  coupled  motions  in  the 
previous  test  runs.  In  actuaj  ship  operations, the 
rudder  is  actively  used,  introducing  important  ef¬ 
fects  on  yaw-*.way-roI  1  motions. 

Let  us  consider  the  ship  dynamic  behavior 
under  the  following  conditions: 

When  a  ship  is  proceeding  on  a  straight  course, 
a  certain  external  disturbance  (e.g.,  the  roll  mo¬ 
ment  due  to  beam  wind)  is  given  stepwise  to  the 
ship.  When  the  ship  is  rolled  to  starboard,  for 
example,  due  to  beam  wind  from  the  port,  an  asym¬ 
metry  is  formed  in  the  underwater  portion  of  the 
hull  as  shown  in  the  previous  figure  (i.e.,  Fig¬ 
ure  2),  As  a  result,  hydrodynamic  yaw  moment  is 


generated  to  deviate  the  ship  heading  to  the  port. 
Subsequently,  the  rudder  is  activated  by  the  auto¬ 
pilot  to  the  starboard  to  correct  heading  angle 
deviation.  This  starboard  rudder  angle  produces  the 
roil  angle  further  to  the  starboard.  Under  this  con¬ 
dition,  the  possibility  of  instability  exists  in  the 
ship  systems. 

Accordingly,  simulations  were  carried  out  under 
the  following  conditions: 

The  500-ft-long  ship  was  proceeding  on  a 
straight  course  at  an  approach  speed  of  30  knots.  A 
stepwise  roll  moment  (e.g.,  due  to  beam  wind  from 
the  port)  was  given  to  the  ship.  The  magnitude  o' 
the  moment  is  equivalent  to  a  statically  generated 
roll  angle  of  5  degrees.  The  subsequent  dynamic 
response  of  the  ship  was  computed  with  inclusion  of 
the  autopilot  system,  which  can  be  represented  as: 

°  a($  '  U  +  b't‘ 


a  desired  rudder  angle 
=  desired  heading  angle 
a  =>  yaw  gain 
b'  «  yaw-rate  gain 

Figures  13  and  14  show  oscillatory  motions  for 
the  case  where  GM  =  2  feet,  yaw  gain  =  3,  and  yaw- 
rate  gain  a  0.  Instability  of  the  ship  systems  is 
clearly  evident  in  the  figures. 

When  GM  is  increased  to  3  feet,  the  stability 
characteristics  are  improved  as  shown  in  Figures  15 
and  16. 

When  the  autopilot  is  refined  with  addition  of 
yaw-rate  gain  of  0.5,  further  improvement  in  the 
stability  characteristics  is  shown  in  Figures  17 
and  18.  It  should  be  noted  here  that  the  autopilot 
refinement  substantially  improved  the  roiling  be¬ 
havior  as  shown  in  these  figures. 

The  results  mentioned  in  the  above  clearly 
indicate  the  possibility  of  instability  due  to  a 
stepwise  disturbance.  During  actual  operations  in 
seaways,  continuous  disturbances  are  given  to  the 
ship  due  to  wind  and  waves.  Accordingly,  even 
marginal  yaw-rol 1 -rudder  instability  can  introduce 
serious  rolling  problems  in  seaways.  Such  diffi¬ 
culties  have  frequently  been  indicated  in  full- 
scale  observations  and  model  tests  [lj,[2].  Fig¬ 
ure  19  shows,  for  example,  the  possibility  of  yaw 
instability  obtained  by  J.F.  Dalzell  during  model 
tests  of  a  high-speed  ship  in  waves  [2]. 


CONCLUDING  REMARKS 

The  purpose  of  this  study  was  to  develop 
mathematical  equations  of  yaw,  sway,  roll  and  rud¬ 
der  to  represent  realistic  maneuvering  behavior  of 
high-speed  nava.  ships,  and  subsequently  to  ex¬ 
amine  yawing  and  -oiling  motions  during  high-speed 
operations  through  a  series  of  simulation  runs. 

Based  on  recent  captive-model  test  results  of 
a  high-speed  ship  configuration,  important  coupling 
effects  between  yaw,  sway,  roll  and  rudder  motions 
were  included  in  the  mathematical  model.  Certain 
terms  such  as  yaw  moment  due  to  roll  angle  were 
not  adequately  considered  in  previous  studies  in 
the  area  of  maneuvering  and  seakeeping.  It  was 


found  in  this  study  that  these  terms  have  important 
impact  on  maneuvering  and  rolling  behavior,  intro¬ 
ducing  the  possibilities  of  instability  and  serious 
rolling  problems  during  high-speed  operations  in 
seaways. 

The  major  findings  obtained  in  this  study  are 
summarized  as  follows? 

(1)  Roll  angle  Introduces  asymmetry  of  under¬ 
water  portion  of  hull  form  relative  to 
the  longitudinal  centerline,  which  gen¬ 
erates  yaw  moment  due  to  roll  (i.e.,  N^y). 

(2)  This  roi 1 -introduced  yaw-moment  can  be  ex¬ 
plained  by  the  hull -form-camberline, which 
is  equivalent  to  that  of  the  wing  section. 
When  roll  angle  is  not  zero,  the  camberline 
is  not  a  straight  line  and  introduces  yaw- 
moment  and  side  force,  in  particular,  at  a 
high  speed. 

(3)  The  roll-introduced  yaw-moment  generates  a 
tendency  to  turn  to  one  side  when  the  ship 
is  heeled  (e.g.,  to  turn  to  port  when  the 
ship  is  heeled  to  starboard).  This  moment 
contributes  to  possible  Inherent  yaw  in¬ 
stability  along  with  autopilot  feedback  and 
other  coupling  terms  such  as  and  Kj 
(i.e.,  roll -moment  due  to  sideslip  and 
rudder  angle,  respectly). 

(4)  When  GM  is  relatively  small  (which  is  the 
case  for  most  high-speed  ships),  the  above 
mentioned  coupling  terms  can  introduce 
severe  rolling  motions  in  a  seaway.  This 
was  clearly  indicated  in  substantial  roll¬ 
ing  motions  during  turning  and  Z*maneuvers, 

(5)  The  possibility  of  yaw-roll  instability 
exists  for  the  ship  system  with  autopilot 
during  high-speed  operations  with  small  GM. 

(6)  Refinement  of  the  autopilot  characteristics 
has  important  effects  on  yawing  and  rolling 
behavior  of  the  ship. 

(7)  Serious  rolling  problems  frequently  ob¬ 
served  during  high-speed  operation  in 
waves  can  be  due  partly  to  inherent  yaw- 
roll  instability  (or  marginal  stability). 

It  should  be  stated  here  that  a  possibility  of  the 
above-mentioned  roll-rudder  coupled  yaw  instability 
is  only  pronounced  during  high-speed  operations 
with  a  small  GM. 
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NOMENCLATURE 

A  reference  area  (A  =  l2) 

a,b  yaw  and  yaw-rate  gain  constants 

B  ship  beam 

Fr  Froude  number  (uA/g^) 

l2  moment  of  inertia  referred  to  z-axis 

K  hydrodynamic  roil  moment 

j£,m  ship  length  and  ship  mass 

N  hydrodynamic  yaw  moment 

n  propeller  revolutions  per  second 

r  yaw  rate 

tr  time  constant  of  rudder  in  control  system 
U  ship  speed  (U  ■  Vu3+v3  ) 
u  component  of  ship  speed  along  x-axis 
v  component  of  ship  speed  along  y-axls 
X  hydrodynamic  force  in  x-axis  direction 
Xp  propeller  force  along  x-axis 
Y  hydrodynamic  force  along  y-axis 
6  rudder  angle 
9  rol 1  angle 
f  heading  angle  of  ship 
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Discussion 


N.  Toki  (MM! 


It  is  my  pleasure  to  have  a  chance  to 
discuss  this  interesting  topic.  My  discus¬ 
sion  consists  of  two  parts.  At  first,  I 
would  like  to  mention  our  experience  similar 
to  the  one  pointed  out  by  the  author. 

In  Nagasaki  Experimental  Tank,  we  have 
noticed  roll-instability  of  a  seraidisplaue- 
ment  type  high  speed  boat,  during  its  re¬ 
sistance  and  self-propulsion  test  in  calm 
water.  To  be  more  in  detail,  sway-yaw  re¬ 
stricted  model  with  small  GM  value  unexpect¬ 
edly  heeled  without  any  additional  heel 
moment,  when  its  advance  speed  was  higher 
than  a  certain  value.  And,  for  further 
continuation  of  the  experiments,  we  had  to 
lower  the  center  of  gravity  of  the  model. 

We  tried  to  find  out  the  paper  which  dealt 
with  the  instability  phenomena  of  high 
speed  crafts,  and  found  several  ones  D >  2) 
3) .  For  example,  Suhrbier2)  reported  that 
a  free  running  model  with  small  GM  and  high 
advance  speed  suddenly  heeled  and  began 
turning  without  any  steering  actions.  He 
called  this  phenomenon  "Broaching".  Another 
information  given  by  these  papers  is  that 
attaching  a  pair  of  spray  strips  on  the 
fore  hull  is  sometimes  effective  to  improve 
the  stability  of  rolling.  However,  we  could 
find  out  no  paper  which  dealt  with  this 
phenomenon  as  sway-roll-yaw  coupled  motion. 

Referring  to  these  papers,  we  measured 
heel  moment,  sway  force  and  yaw  moment  act¬ 
ing  on  the  model,  varying  heel  angle  and 
advance  speed.  The  same  series  of  measure¬ 
ment  were  carried  out  in  both  cases;  model 
with  spray  strips  and  without  them,  to 
investigate  the  effect  of  spray  strips. 

Thus,  we  obtained  the  values  of  hydrodynamic 
coefficient  of  roll  moment  and  roll-yaw, 
roll-sway  coupling  coefficients.  Making 
use  of  these  coefficients  and  estimating 
the  others,  we  composed  the  linear  equation 
of  manoeuvring  motion  and  made  an  attempt 
to  simulate  sway-roll-yaw  coupled  notion. 

Two  examples  of  the  results  are  pre¬ 
sented  in  Figs.l  and  2.  Their  principal 
items  are  shown  below. 

Dimension  of  ship  : 

Length  of  water  line  ==  51.5m 
Breadth  =  7.2m,  Draft  =  1.8m 
Displacement  3  274.5ton,  GM  =  0.53m 
Advance  speed  =  44  knots 
Initial  heel  angle  =  2® 

Initial  heading  angle  =  0® 

Rudders  are  fixed  at  0° 

Fig. 1  shows  simulated  time  histories  of 


roll  and  heading  angle  in  the  case  of  with¬ 
out  spray  strips,  and  Fig. 2  shows  the  same 
in  the  case  of  with  spray  strips.  From 
comparison  of  these  two  results,  it  is 
found  that  attaching  spray  strips  can  be 
an  effective  countermeasure  to  stabilize 
sway-roll-yaw  coupled  motion. 

In  connection  with  our  experience,  I 
would  like  to  ask  two  questions  about  the 
author's  paper. 

1.  The  latter  part  of  the  computer  run 
shown  in  the  Fig. 7  reminds  me  of  time  his¬ 
tories  obtained  from  pull-out  manoeuvre 
tests  of  an  unstable  ship.  So,  I  presume 
this  ship  has  an  unstable  loop  with  certain 
height  in  the  rate-of-turn  versus  helm  angle 
characteristics  as  a  part  of  the  roll-yaw 
coupling  effect.  In  this  case  the  r*  -  6 
curves  in  both  cases,  with  and  without  the 
consideration  of  roll-yaw  coupling,  might 
show  the  effect  more  clearly. 

If  the  author  could  kindly  present  r* 

-  6  curves  or  time  history  of  yaw-rate  in 
Fig. 7,  I  would  appreciate  it  very  much. 

2.  As  to  Figs. 13  -  16,  my  impressions 
are  as  follows.  Generally  speaking,  sway- 
roll-yaw-rudder  system  with  an  autopilot 
has  two  free  oscillation  modes.  In  the 
one  mode,  rolling  would  play  the  main  part, 
and  it  would  have  shorter  period  and  larger 
damping,  as  shown  in  Fig. 8.  In  the  other 
mode,  sway-yaw-rudder  system  would  play  the 
main  part,  and  it  would  have  longer  period 
and  smaller  damping.  Because  the  :oscilla- 
tions  shown  in  Figs. 13  -  lb  have  longer 
period  than  that  in  Fig. 8  and  converge  very 
slowly,  they  must  be  the  latter  free  oscil¬ 
lation.  Therefore,  in  these  computer  runs, 
rolling  caused  by  stepwise  disturbance 
activates  yawing,  at  first.  After  the 
first  stage,  however,  sway-yaw-rudder  sys¬ 
tem  plays  the  main  part  and  begins  free 
oscillation.  And,  as  the  reaction  rolling 
is  activated  again.  In  this  case,  I  can 
easily  guess  that  adding  the  damping  effect 
by  way  of  positive  yaw-rate  gain  in  the 
autopilot  improves  the  convergence  of  free 
oscillation. 

May  I  understand  your  result  in  this 

way? 
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V.  Takaishl  iSRij 


I  appreciate  this  author  who  has  pre¬ 
sented  an  interesting  paper  relating  to  both 
seakeeping  and  maneuvrability  of  ship.  The 
rudder  movement  of  auto-pilot  system  should 
be  included  to  estimate  lateral  motions  as 
rolling,  yawing  and  swaying  motions  in 
oblique  waves.  Today  we  can  estimate  these 
responses  having  the  same  period  as  the  en¬ 
counter  wave  period  by  using  the  strip 
theory  inclusive  the  rudder  effects (Takaishi 
1976) .  The  yawing  motion  has  a  natural  fre¬ 
quency  when  the  auto-pilot  system  is  used. 
The  coupled  oscillations  between  roll-yaw- 
rudder  illustrated  in  Pigs.  13  and  14  show 
this  natural  frequency  which  is  lower  than 
that  of  rolling  motion.  This  motion  could 
not  be  estimated  by  the  strip  theory. 

Since  this  coupled  motion  will  become 
significant  for  the  transverse  stability  of 
such  a  high-speed  vessel  running  in  quarter¬ 
ing  or  following  seas  where  the  encounter 
frequency  of  waves  could  approach  to  the 
natural  period  of  yaw,  the  phenomena  pointed 
out  by  this  author  should  be  attracted 
attention  not  only  by  the  ship  operator  but 


Fig.  4-1  r'-i  Curve,  Single  rudder 
?n=0.2S3 


also  by  t  3  ship  hydrodynamieists.  This 
yawing  moment  due  to  heeling  of  ship  will 
become  large  on  the  ship  having  large  asym¬ 
metry  of  fore  and  aft  body.  Mori  (1979) 
has  shown  the  effect  of  heel  angle  upon  the 
course  stability  of  a  high-speed  container 
ship  with  the  quadruple  propellers  having  an 
remarkably  asymmetric  ship  body  between  fore 
and  aft,  i.e.  the  fore  body  having  an  extra¬ 
ordinary  large  bulbous  bow  with  a  fine  water 
plane  configuration  and  the  aft  body  having 
rather  flat  and  wide  stern  shape.  The  result 
shows  that  the  turning  radius  to  starboard 
due  to  heeling  angle  of  6.7  degrees  to  port 
is  equivalent  to  that  due  to  about  2  degrees 
rudder  angle  to  the  starboard,  as  is  shown 
in  Fig.  A-l.  The  seakeeping  tests  of  this 
model  have  been  carried  out  at  Ship  Research 
Institute.  The  re-examination  of  the  test 
results  from  the  viewpoint  proposed  by  the 
author  would  be  interesting. 
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Author’s  Reply 


H.  Eda  {Stev$~$  Inst  is eft) 


The  author  was  encouraged  to  learn 
that  Mr.  Toki  of  Mitsubishi  Towing  Tank 
had  similar  experience  with  roll-coupled 
yaw  instability  for  a  scmidisplacement- 
type  hi  '•«  speed  boat,  although  there  exists 
a  substantial  difference  in  configurations 
between  a  displacement-type  ship  and  a 
high-speed  boat.  His  simulation  results 
clearly  indicate  typical  roll  and  yaw 
coupled  instability,  which  is  introduced 
by  a  small  initial  roll  angle.  It  should 
be  noted  here  that  this  instability  of  the 
high-speed  boat  was  due  to  roll-yaw  coupling 
effect  without  feedback  control  of  rudder. 

On  the  other  hand,  yaw  instability  of  a 
high-speed  ship  mentioned  in  the  paper  was 
introduced  by  a  combination  of  yaW-Sway- 
roll  coupling  effects  along  with  feedback 
controlled  rudder. 

His  first  question  is  whether  the 
ship  is  dynamically  stable  or  not  on  course, 
with  and  without  consideration  of  roll-yaw 
coupling  effect.  It  is  clearly  evident, 
for  example,  in  the  overshoot  obtained  in 
Z-maneuvers.  (Accordingly,  it  is  unneces¬ 
sary  to  go  out  for  spiral  maneuvers  to 
obtain  r ' -a  curves.)  A  large  overshoot 
shown  in  a  simulation  run  with  an  actual 


GM  value  (i.e.,  20°  overshoot  in  20°-20°  studies  of  high-speed  container  ships.  As 

2-maneuver  with  GM  of  3  ft)  indicates  that  he  points  out,  oscillations  due  to  roll- 

the  ship  is  inherently  unstable .  With  a  yaw-rudder  coupling  cannot  be  adequately 

hypothetically  large  GM  of  25  ft,  the  mag-  treated  by  currently  available  stripwise 

nitude  of  overshoot  is  reduced,  indicating  theories.  Accordingly  roll-yaw-rudder 

the  improved  course  stability  charaeteris-  coupled  instability  problems  mentioned  in 

tics*  the  paper  should  be  examined  from  the  view- 

The  author  fully  agrees  with  Mr.  Toki's  point  of  both  seakeeping  and  maneuvering 
interpretation  of  the  results  shown  in  with  inclusion  of  feedback  controlled  rudder. 

Figure  13  through  16,  which  illustrate  the  where  yaw  moment  due  to  hull-form-camber) ine 

improvement  of  inherent  yaw  instability  by  plays  an  important  role.  The  author  is 

adding  damping  effect.  Whereas  the  refined  encouraged  once  again  to  learn  that  similar 

auto-pilot  is  effective  to  improve  overall  effects  of  heel  angle  on  turning  and 

yaw  and  roll  stability  characteristics,  the  course-keeping  characteristics  were  observed 
author  believes  that  the  best  solution  under  in  recent  free-running  model  tests  of  a 
this  condition  is  application  of  an  anti-  multi-propeller  high-speed  ship,  at  The  Ship 

rolling  fin  stabilizer  together  with  a  Research  Institute,  which  has  a  significant 

refined  auto-pilot,  which  should  introduce  fore-and-aft  asymmetry  with  relatively  small 

an  excellent  overall  system  performance  GM.  The  author  is  looking  forward  to  review- 

with  less  rolling,  less  steering,  and  less  ing  these  model  test  results  from  the  view- 

increased  resistance.  point  of  roll-yaw-rudder  coupling  effects. 

The  author  wishes  to  acknowledge  the  Finally,  the  author  wishes  to  thank 

useful  comments  given  by  Dr.  Takaishi,  who  the  discussers  of  his  paper  for  their 

has  been  actively  engaged  in  seakeeping  valuable  contributions  and  references. 
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ABSTRACT 

The  problem  of  the  vertical  impact  of 
a  disc  on  the  surface  of  a  compressible  fluid 
has  been  dealt  with  in  this  paper.  On  the 
basis  of  linearized  assumption,  the  equation 
fulfilled  by  disturbance  velocity  potential 
of  fluid  has  been  reduced  to  a  wave  equation. 
■Hie  wave  equation  has  been  solved  with  the 
aid  of  spheroidal  wave  functions.  The  hy¬ 
drodynamic  pressure,  force  and  pressure 
impulse,  force  impulse ,  and  their  changes 
with  time  have  been  given  analytically.  The 
dependence  ef  impact  force  on  the  mass  and 
radius  of  disc,  and  on  the  content  of  gas 
Viholes  contained  in  the  liquid  have  been 
given  as  well. 

HOMENCLATBRE 

«»=  speed  of  sound  in  undisturbed  water 
s=  speed  of  sound  in  water-gas  mixture 
s=  constant,  equation  (11) ,  is  the 

time-decay  coefficient 
c(  ,  c>  =  coefficient  of  impact  force  in 
formulas  (40)  and  (40'} 

Die)  *»  function  defined  by  ©creation  (43) , 
or  (44) 

&«(-')  =  expansion  coefficients,  eos.  (27) 

and  (28) 

F =  impact  force  acting  on  disc 
F,  =  impulse  of  impact  force 
»=  mass  of  disc,  or  a*  P;/**,,  the  ratio  of 
density  of  liquid  to  that  of  gas  in  the 
mixture 

Vt  =  Mach  number 

a  =  outward  normal  to  the  disc  plane 
P= impact  pressure  acting  on  disc,  or  the 
pressure  in  the  fluid 
P,  =  atmospheric  pressure  on  free  surface 
P,  =  pressure  impulse,  or  instantaneous 
impulsive  pressure 

*£'.».  *£V„  =  radial  spheroidal  wave 

functions  of  order  zero 


and  degree  2n+l  of  the  first,  second,  and 
third  kind  respectively 
r.  =  radius  of  disc 
(r, a  ,z)  =  cylindrical  co-ordinates 

(n, i  =  nondimensional  cylindrical 

coordinates 

Str-ri  =  angle  spheroidal  wave  functions  of  the 
first  kind  of  order  zero  and  degree 
2n+l 

t  =  time 

t,  =  ncr, dimensional  time  = *,;/«•, 
v  =  velocity  of  disc 

I 'i,  =  volume  of  liquid  and  gas  in  the  mix¬ 

ture  of  liquid  and  gas  respectively 
’■i  =  velocity*  of  disc  at  first  instant  of” 
impact 

I  =  mass  number 

=  spheroidal  co-ordinates,  fig. 2 
•*  =  ratio  of  the  mass  of  the  gas  to  the  mass 
of  the  liquid  in  the  mixture  of  water 
and  gas 

p  =  mean  density  of  the  mixture  of  water  and 
gas 

p.  =  density  of  undisturbed  water 
p,  =  density  of  air  in  the  mixture  of  water 
and  air 

°<  =  density  of  liquid  in  the  mixture  of 
water  and  air 

1.  IWTRDPPCTIQW 

The  problem  treated  here  is  related  to 
water  entry  of  flat-or  blunt-nosed  underwater 
weapons  Ce.g.  aerial  torpedo,  project  depth 
charges,  antisubmarine  missile) .  it  say  be 
also  related  to  water  impact  of  air  launched 
sonars  or  other  sensor  equipment.  The  impact 
of  disc  on  water  surface  is  a  reasonable 
approximation  to  the  initial  stages  of  impact 
of  a  flat-nosed  cylinder  and  flat-or  blunt- 
nosed  body  of  revolution  on  water  surface. 

It  may  be  noted  that  ship  slaasdog* 
seaplane  landing,  and  splash  landing  of  space 


capsules  usually  have  water  contact 
configurations  approximated  by  a  disc  better 
than  by  a  2 -dimensional  plane. 

In  all  cases  where  the  impact  velocity 
of  flat-or  blunt-nosed  bodies  is  not  excep¬ 
tionally  small— —  and  indeed,  it  is  general¬ 
ly  never  very  small ,  it  is  necessary  to  take 
the  fluid  compressibility  into  account, 
otherwise,  unrealistically  large  calculated 
values  of  impact  force  and  body  acceleration 
nay  be  obtained.  However,  to  take  the  fluid 
compressibility  into  account,  means  to  add 
complexity  to  an  already  complicated  problem 
of  unsteady  flow  with  free  surface.  So  far, 
most  water  entry  problems  were  treated 
without  taking  fluid  compressibility  into 
consideration,  Egorov  Ill  studied  the 
2-disensional  problem  of  vertical  compress¬ 
ible  impact.  He  is  the  first  author  to  take 
the  change  of  velocity  of  the  falling  plate 
Into  account,  and  approached  the  solution  of 
a  wave  equation  by  the  method  of  separation 
of  variables.  However,  there  seem  to  be  some 
mistakes  in  his  calculation  which  influenced 
the  correctness  of  his  conclusions.  Dgilvie 
f 2J  studied  the  compressibility  effects  on 
ship  slamming,  and  gave  very  interesting 
results  for  the  case  of  2-dimensional  flat 
plate,  fopuchkov  13]  studied  the 
axisymmetrical  problem  of  the  impact  of  a 
rigid  disc  on  a  compressible  fluid  and 
solved  it  for  the  time  interval  os  t*r./a» 

Popuchkov’s  impact  force  depends  on  the 
velocity  of  disc  during  impacting;  the 
latter ,  however ,  is  left  undetermined  in  his 
solution.  The  work  presented  here  by  the 
author  **as  essentially  completed  in  1964, 
consequently  he  did  not  enjoy  the  privilege 
of  referring  to  Or.  Ogilvie's  and 
Popuchkov's  papers,  except  that  due  to 
Egorov .  in  order  to  simplify  the  problem  and 
to  study  the  effects  of  body  mass ,  body 
dimensions  and  degree  of  compressibi lity  on 
the  transient  process  of  water  impact,  it 
is  necessary  to  work  with  sirtoie  forms .  The 
author  therefore  attests  to  treat  the  basic 
problem  of  vertical  impact  of  a  disc  on  a 
,? impressible  fluid  surface.  The  phenomena  of 
air  being  trapped  between  the  falling  plate 
and  the  water  surface  was  studied  early  by 
same  investigators.  The  author  did  not  take 
this  into  account  however  in  his  work  in 
1964,  therefore,  the  problem  treated  in  the 
paper  is  equivalent  to  that  of  a  disc  ini¬ 
tially  floating  on  the  water  surface,  and 
then  suddenly  pushed  down  with  an  initial 
velocity  »r  .  It  is  interesting  to  note  that 
-any  authors  discovered  by  experiment  the 
escaping  of  air  into  water  in  the  for*  of 
hi holes. 

2,  FQSHPtATlGlt  OF  PROBLEM 

Let  a  rigid  disc  of  radius  h.  ,  mss  a, 
isspact  vertically  on  the  water  surface. 

By  vertical  impact ,  is  -.cant :  ttt  velocity 
of  the  disc  points  vertically  downwards,  the 
plane  of  the  disc  is  always  horitonka  1 ,  and 
water  initially  at  rest  completely  fills  the 
lower  half-space.  The  initial  velocity  of 
the  disc  is  %  -  Obviously  the  velocity  of 


disc  will  attenuate  with  tine.  Ke  shall  see 
later  that  t1!.3  rate  of  this  attenuation 
depends  on  the  fluid  density,  the  acoustic 
velocity  in  fluid,  the  disc  radius  and  the 
disc  *ass. 

At  the  initial  stage,  the  motions  are 
of  an  impulse  nature.  As  compared  with  iner¬ 
tial  force,  the  gravity  force  say  be  neglect¬ 
ed.  Because  of  the  impulse  nature  of  the 
fluid  motion,  the  effect  of  fluid  viscosity 
on  flow  is  of  no  significance  in  most  part 
of  flow  field  except  where  the  velocity  gra¬ 
dient  is  large.  Thus,  the  fluid  say  be 
regarded  as  nonviseous  and  the  motion  of  flu¬ 
id  set  uo  by  the  body  is  consequently 
ir rotational . 

For  a  liquid  containing  ssall  gas  hub¬ 
bies,  it  is  natural  that  its  compressibility 
should  be  greater  than  that  of  the  "solid" 
liquid,  the  amount  of  increase  of 
compressibility  may  be  characterized  by  the 
decrease  in  sound  speed  in  the  fluid.  As  a 
matter  of  fact,  water  immediately  beneath 
the  free  surface  owing  to  its  disturbance  by 
wave  motion  and  the  motions  of  the  ship, 
always  contain  more  or  less  small  amounts  of 
gas  bubbles. 

Ke  assume  that  the  initial  velocity  of 
impact  of  the  disc  is  not  very  small,  but 
that  it  is  smaller  than  the  sound  velocity 
in  the  undisturbed  fluid.  In  practice,  this 
is  only  too  true.  Therefore,  the  subject  may 
be  treated  under  linearized  considerations. 


A.*. 


Fig.l  Sketch  of  the  problem  and 

cylindrical  coordinate  system 

Let  a  cylindrical  coordinate  system  {r,tj 
rj  be  fixed  with  respect  to  the  undisturbed 
fluid,  its  origin  being  in  the  plane  of  the 
undisturbed  free  surface  with  2-axis 
pointing  vertically  upwards  {Fig.l).  The 
linearized  velocity  potential  ®sy  be 
expressed  in  this  coordinate  system  as  a  wave 
equation 

c*'i  _  1  .-"t-  _  1  ^  !*% 

aj  as*  1 

where  a* is  the  sound  speed  in  undisturbed 
fluid.  Or ,  by  introducing  non-diRensioaai 
variables  -*i,  eg. Cl)  becomes 


a*<t  .  i  ag •_  +  a*?  _ 

iq  a*, . 


m 


There  is  a  relationship  between  the  instanta¬ 
neous  imoulsiye  pressure  {i.e.  pressure  im¬ 
pulse)  ft  and  the  velocity  potential 

Ptm-pt  9  (3) 


According  to  (7) ,  condition  (5)  may  be 
rewritten  as 


f,<I,  i,  =  ±0; 


j_  jg  =  « 

r#  0*1 


C8) 


On  the  free  surface,  pressure  is  finite 
and  constant,  i.e.  Pi— 0,  and  the  boundary 
condition  on  the  free  surface  is  thus 


Besides  these  boundary  conditions,  potential 
function  isavt  also  satisfy  the  initial 
conditions: 


r*>l,  *,=()-.  9=0  tt) 

On  the  body  surface  /(C,0,Ztt5*O  the  normal 
velocity  of  the  fluid  must  be  equal  to  '-hat 
of  body  itself.  It  is  difficult  to  exactly 
satisfy  this  boundary  condition  since  the 
motion  of  body  is  unknown  for  the  moment. 
However,  making  use  of  the  property  of  the 
impacting  process,  i.e.  the  velocity  change 
is  finite,  while  the  displacement  is 
infinitesimal,  the  boundary  condition  on  the 
body  surface  may  be  considered  to  be  sat¬ 
isfied  on  plane  *ib(i  Hence,  the  boundary 
condition  on  the  body  surface  may  be  written 
as 


\5# 


f*=0,  *.>1,  *,  =  0:  <?  =  0,  ^--0 

0*1 

‘.=0,  r,<l,  ^  =  ±0,  -J- 

U 


Therefore,  the  problem  is  reduced  to  one 
of  finding  a  solution  for  wave  equation  C2J 
under  conditions  (8)  and  {9} . 

When  <f  is  known,,  the  hydrodynamic  pres¬ 
sure  is  found  by 


P-P*^ 


in 


UO) 


Integrating  p~ps  over  the  entire  surface 
of  the  disc,  we  obtain  the  total  hydrodynamic 
force. 


3 .  SOT.VINj  THE  WAVE  EQUATION  FOR  C 


Since  the  vo .ocity  is  actually  vertically 
downwards,  the  values  of  v  and  veare  consid¬ 
ered  as  negative  in  the  following  calcula¬ 
tions. 

In  addition  to  above  conditions,  there 
is  the  boundary  condition  at  infinity  to  be 
satisfied. 

The  boundary  condition  on  free  surface, 
permits  analytical  continuation  of  the  poten¬ 
tial  function  across  the  free  surface  into 
the  entire  upper  half-space.  Let 


Considering  the  impulsive  property  of 
the  motion,  we  look  for  a  solution  of  1  in 
the  form  of  an  exponential  time-decaying  fun¬ 
ction.  Ke  set 

-+{'„*.)  (h) 

where  c  is  a  constant  to  be  decided. 

Substituting  (11)  into  (2) ,  one  obtains 
a  Helmholtz's  equation: 


(6) 


3'i 


(12) 


then  we  have 


?n*il  1  -  h  J 

S'* 


S', 


Conditions  (4)  and  (8)  become  respec¬ 
tively 


>•,>1,  i:=0: 

'.<1.  *,=±0: 


♦=0 


(13) 

C14) 


It  is  easily  seen  that  if  P  and  P*  are  points 
of  symmetry  with  respect  to  the  free  surface 
aad  lying,  respectively,  on  the  disc  surface 
2  and  its  mirror  image  s'  ,  then 


Therefore,  the  determination  of  the 
velocity  potential  in  a  region  a  ,  which  is 
exterior  to  the  surface  £♦£'  ,-|s  a  Heumann 
problem.  The  normal  derivative  &  on  £  is 
given  by  boundary  condition  (§1 p while  that 
on  £  is  defined  by  relation  (7).  Here 
£  is  the  lower  wall  of  the  disc,  and  n  is 
the  exterior  normal  of  the  body  surface. 


Apparently,  conditions  (13)  and  (14)  are  also 
consistent  with  the  initial  conditions. 

♦  must  also  satisfy  the  condition 
of  Helmholtz's  equation  at  infinity  (4] - 

•?.=v  'I  --T ->“°i  ve0  ,15* 


Taking  into  account  the  ceonetric  prop¬ 
erty  of  disc,  I  shall  next  adopt  an  oblate 
spheroidal  coordinate  system  lv,$,S)  which  is 
related  to  the  cylindrical  coordinate  sys¬ 
tem  by  the  transformation  (Pig. 2) 
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(22) 


Fig. 2  The  oblate  spheroidal  coordinate 
system 


where  jj->  ,  4=sinhn  .  Hence 

iWa  +  fHi-i*),  0<4<°°’l 


In  the  oblate  spheroidal  coordinate 
system  (Fig, 2)  the  surface  4=eonst.>0  is  a 
flattened  ellipsoid  of  revolution  with  its 
major  axis  2(4’+  l)'l'  an d  minor  axis  24 
The  degenerate  surface  4=0  is  a  circular 
disk  of  radius  i>,j  lying  in  the  plane  ,,~-o  , 
with  its  center  at  the  origin.  This  is 
exactly  the  disc  discussed  in  the  present 
paper.  The  surface  |n| -const.<l  is  a  hyper¬ 
boloid  of  revolution  of  one  sheet  with  an 
asymptotic  cone  whose  generating  line  passes 
through  the  origin  and  is  inclined  at  the 
angle  a  =[arc  cosi  to  the  Z-axis .  The  degen¬ 
erate  surface  >1=]  and  t=-l  is  the  positive 
half  Z-axis  and  the  negative  half  2-axis 
respectively.  Plane  n=0  corresponds  to 
that  part  of  plane  Z,  =0  exterior  to  the 
disk  which  is  exactly  the  free  surface. 

When  the  focal  length  is  finite  (in  the 
present  case,  it  is  equal  to  unity) ,  surface 
l^const.  approaches  to  a  spherical  sur¬ 
face  as  i  approaches  to  infinity.  Thus 

4->/?,->oo,  *l=cosct  (18) 

where  R,  and  </.  is  the  radial  coordinate  and 
the  colatitude  coordinate  respectively  in 
spherical  coordinates. 

According  to  (18) ,  the  condition  at 
infinity  may  be  written  as 

4  -»°o,  g  =  o  (19) 


A, 


4l_t-.il 

l-n 


A’+n* 
V  1+4* 


and  making  use  of  the  expression  for  Laplace 
operator  in  orthogonal  curvilinear  coor¬ 
dinates,  equation  (12)  becomes 


Hr  ~k*-w  «•+»  -Jr 

(23) 

Finally,  the  problem  is  reduced  to  that 
of  solving  eq,(23)  under  conditions  (19)—- 
(21). 


4.  SOLUTION  OF  HELMHOLTZ  EQUATION  FOR 

By  the  usual  procedure  of  separation  of 
variables,  eq.(23)  may  be  solved  in  the  form 
of  Lame's  products  [5] 

**=S»(-'  1R(-C  ,-.-4) 

Substituting  the  above  expression  into 
eq. (23) ,  we  have 

{rftrC  }*.(-«.*» -*0  (24) 

(4*  +  D  X.-e* 4*|^.(-c— »4)=0  (2S) 

where  K  s  are  the  separation  constants, 

Solutions  S,(-C,>1)  and  4)  may  be 

found  for  different  values  of  parameter  c*  . 

In  order  to  satisfy  all  the  boundary  condi¬ 
tions  under  discussion,  I  construct  the  solu¬ 
tion  in  the  form  of  a  function  series 
•• 

'l1=ro',o<2j  4i,tlS,,ti(- ctl)^jV+,(  — e,  — 1'4)  (26) 

a«0 

where  are  the  expansion  coefficients  to 

be  decided  by  boundary  conditions.  S',,m(-<:,’i) 
are  the  angle  spheroidal  wave  functions  of 
the  first  kind,  which  satisfy  the  ordinary 
differential  equation  (24).  e»_— *6) 

are  the  radial  spheroidal  wave  functions  of 
the  third  kind,  which  satisfy  the  ordinary 
differential  equation  (25).  #jV+,(— c> “'4) 

are  related  to  radial  functions  of  the  first 
kind  and  of  the  second  kind  by  the  following 
relationship: 

*£>♦:(  -o.  — >4)  =#«♦,(-<>,  ->'4)  +  ttBW  -'0 


In  the  new  coordinate  system,  boundary 
conditions  (13)  and  (14)  become,  respec¬ 
tively 

>1=0:  4>  =  0  (20) 

and  4  =  0=  =re  >i  uo  .  (21> 


Tor  the  present  purpose,  we  may  expand 
.a)  into  a  series  of  zero  order 
’  ,  a  functions  and  expand  #«*+,(  — c>  — >4) 

c  eries  of  modified  spherical  Hankel 
f  ■  ot.;,  \s  of  the  first  kind: 


C  ■“N  : 


-r)_V.(>l) 


(27) 


The  initial  conditions  will  automat¬ 
ically  be  sati:fied  if  condition  (20)  and 
(21)  are  satisfied. 

In  the  oblate  spheroidal  coordinates 
>1,  4,  0  / noting  that  the  Lame's  coefficients 
are 


>4) — - - •— - "Jj;;K-«)Ai,r!n('c4) 

S^«(-c)"° 

"  (28) 

In  the  above  two  expressions ,  </|;j>  are  the 
expansion  coefficients. 
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The  resultant  hydrodynamic  force  acting  on 
the  top  plane  of  the  disk  is 


Since  fVt.,(n)  are  odd  functions, 

e,1))  (n**0,l,2i . )are  also  odd  functions 

of  which  satisfy  the  free  surface  condi¬ 
tion  discribed  above. 

From  the  properties  of  the  spheroidal 
wave  functions,  one  can  derive  the  following 
asymptotic  expression 

limfliVttC-'.-'i)  =  iljjJi'Tcf" esP{,C'cl  — («  +  1)h]}  =0  (29) 

which  means  that  solution  (26)  satisfies  the 
condition  at  infinity  (19) . 

are  determined  by  the  boundary 

condition 


F.  -  -P.V.  J”  do  fY-|5L)  r .rfr.-srgp. 

(35) 

Hence,  the  total  hydrodynamic  force  acting 
on  both  sides  of  the  disk  is 


where 


*!«.(  -0) =[-£-  (-c,  -f4)  ] 


Utilizing  the  orthogonality  of  Sn  ,  we 
obtain 

P  $»,♦.( -<:.»i)4<fn 
- *=* - - - - 

2*aw-«,  -*o) 

*;•*>(-') _ 

-o)21  -  (3D 


Substituting  (31)  into  (26) ,  and  then 
substituting  the  resulting  expression  of 
into  (11) ,  we  finally  obtain 


<P('-„*1,f,)=-^!  2J  - 


t—e  —in)  yE^»*?»(~c)3* 

’  0)&  4Y  +  3 


(89  \ 

Note  that  \  gj,  Jlm0  is  antisymmetric  with 
respect  to  n  in  the  vicinity  of  plane  Z(=0, 
and  that  the  last  integrand  is  an  even  fun¬ 
ction  of  n  - 

F*  is  the  impact  force  acting  upon  the 
disk  assuming  the  fluid  to  be  unbounded.  In 
our  case,  the  impact  force  exerted  upon  the 
disk  by  the  fluid  is 

f  72=  -5Pgv,’i)(t)-jL(  V'"|) 

=  if>-Jp0o,w0/)(c)ce-«1 


— Itrjl  p,v* 


where 


5,.., 

3»1«,( -it,;  V  Wll-)]’  J“ 

A'  +  3 

=  2.  ^  -  -c,  -ip) 

0  »-o  “  rjln+l,_c\-|l  (39) 

n*.V’,(-c,-iO)  l 

rm  0  4r  +  3 


which  is  the  velocity  potential  required, 

5,  CALCULATION  OF  HYDRODYNAMIC  FORCE 

From  eq.(10),  the  hydrodynamic  pressure 


p— Po  =  — P.- 


a.  89 

8‘x 


=p.w2 


rf»—(-<) 


mmt  3Knu-c,  -<o)  § 

1  Sw(-M»'«(-criO«  **  ( 


and  the  resultant  hydrodynamic  force  acting 
on  the  bottom  plane  of  the  disk  is 

f,=p.<v.J#  “'0  {0(-|S_).1__or*rfr‘+ ”r2p* 

=  -2i!p«0.%  f*  (-§p-),-o  n</>l  +  nfjp.  (34) 


and  Af,=  |»0|/o,  is  the  impact  Hach  number. 

Eq. (37)  or  (38)  yields  the  coefficient 
of  impact  force 


e,  o — - , — — =  —D(c)ct~ai 

*'-’P.s.l«’.l 


2  D(c)c 


*'o  •  -jP,>'o  M* 


From  eqs.(37)  -  (40)  ,  it  is  seen  that  in 
order  to  determine  the  impact  force  or  it’s 
coefficient,  one  must  calculate  c  and  D(c> 
first. 


6.  CALCULATION  OF  D(e) 
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->0)  +  -io) 

3'1**1  2  WtX-c) 

r«c 

-c) 


(41  f 


♦Incidentally,  it  is  found  that  eqs. 
(4,6,14),  (4,6,15b),  (4,6,16b)  in 
reference  [5]  is  not  correct,  the  correct 
expressions  deduced  by  the  author  is: 


RSi-i  — tc,tO) - - 

(2».  +  3)2  <*7*(-,c)iM±£iL 


n-m  =  odd 


»S(-fc,iO)' 


»*“"“(2jk+3>2  ,ir(-<c)-i2!ii±rlL  n_m  =  odd 


fl 

2miiiW-m*d?{  ~»c)  ’ 

_ 2m  -  2  )( 2»i  - 1 3m|e*,~*« _ 

2t*-»‘i(2w)i  i(->'c)  2  rjr(-ic)  -^m±rlL 

{n  +  mf  1)1 


I  /n~m~  h  j  j  *  n-m  =  odd 


*as,(  -fo) = —,*t‘  f — 


_ an  _  KZn  +  zji  , 

--  -  L  n]  (n+ 1)!  j} 

3S^;:i(-o  o2  dV'iX-e)  J 

roO  *■  — n 


Substituting  (41)  and  (42)  into  (39),  one  e-ts 


-do— 4  2 

°  *-C 


rfr«(-c)2d”«( 

r«0 

-e) 

f  c)  3*  1 

r  (2n-r2)!  -I’l 

j  rmQ 

rd|;jl(— or  (43) 

I32 

1 

;  rf»SS(-0  2**”df»(~c)2  di;t!(-') 

L  n{  (n f  1 )!  J  ] 

,  4r  -3 

or 


°(e)=— 12 

^  »"0 


(|j  dViX-‘)J 


It+  (-«)?’[ »u" +2n!  J  j  §L£:;4-ic)3 


(44) 


The  values  of  calculation  of  D(c)  is  reduced  to  one  of  calculating  <*§” K-0  , 

The  values  of  3r»,  and  the  method  used  to  calculate  it  for  certain  range  of  values  of  c  have 
been  given  in  textbooks  on  spheroidal  wave  functions,  but  the  range  of  c  given  is  not  laroe 
enough  for  our  needs .  Accordingly  basing  on  theory  of  spheroidal  wave  functions,  I  have 
recalculated  values  of  <*,;+,(-=)  for  a  much  larger  range  of  c.  Using  these  values  of  4-‘*\ 
the  function  D(c)  was  calculated  and  shown  in  Fig. 3.  aiues  ox 


Fig. 3  The  function  of  D(c) 


7.  CALCULATION  OF  C  AND  THE  VELOCITY  OF  DISC 


It  is  seen  from  eqs.(38)  and  (43),  that 
in  order  to  calculate  the  impact  force,  we 
must  know  the  values  of  c  for  the  particular 
problem.  To  this  end,  we  must  first  turn 
our  attention  tc  solving  the  equation  of 
motion  of  the  body  during  the  impacting 
process.  Neglecting  the  forces  of  gravity 
on  disc,  the  equation  of  motion  may  be 
written  as 


(45) 


where  T  is  given  in  eqs.(37)  or  (38).  Noting 
the  initial  condition  t  «=0,  v  =u,  ,  we  get 
for  the  solution  of  eq. (45) 


as  that  in  an  ordinary  field  of  flow  past 
the  disc. 

The  duration  of  the  impact  process  is 
very  short,  because  the  compressibility  of 
water  is  very  small.  If  the  liquid  were 
absolutely  incompressible  then  the  impact 
process  will  conclude  instantaneously. 
Assuming  that  an  incompressible  flow  is 
built  up  after  impact,  the  velocity  of  disc 
is,  according  to  the  law  of  conservation  of 
momentum,  v0/(l-?6). 

Substituting  this  into  (46) ,  we  get 


D(c)= 


4 

3  ft 


) 

H<5 


(47) 


and 


V 


(48) 


»“'-[n|«{Ml-«-".)]  (46) 

where  6  ,  and  jP»ro  is  half  of  the 

added  mass'  of  the  disc  of  radius/  r„  moving 
with  a  velocity  normal  to  its  plane  in  an 
infinite  mass  of  incompressible  liquid. 

At  the  initial  moment  of  impact  of  a 
rigid  disc  on  a  compressible  liquid  surface, 
a  compression  layer  is  formed  in  the  liquid. 
In  the  compression  layer  the  pressure  is 
very  high.  The  impact  pressure  thus  propa¬ 
gates  outwards  in  the  form  of  compression 
waves  with  velocity  of  sound  in  liquid.  At 
great  distances  away  from  the  disc,  the 
compression  wave  behaves  as  a  spherical  one, 
while  the  pressure  amplitudes  attenuates 
rapidly.  At  the  end  of  the  impact,  the  im¬ 
pact  pressure  attenuates  down  to  2ero,  and 
the  pressure  in  the  liquid  will  be  the  same 


Knowing  the  value  of  D(c)  from  6,  we  may 
read  the  values  of  c  from  Fig. 3. 


8.  PRESSURE  DISTRIBUTION 

From  eq.(34),  hydrodynamic  pressure 
exerted  on  the  bottom  plane  of  the  disc  is 


4*-  +  3 


(49) 


Substituting  (27) ,  (41) ,  (42)  into  above 
expression,  we  obtain 


Pm~  PAvJ) 


2  «;i!(-c)  I Jj  di-Hi -c)p,rtl  (-vf^r 

r-° _ J  _ 


)  e~rti 


**  j-*‘(  o  ]  3«  _rj2n+22LTt  J) 

i  C>\  3  +  2..«[rf*.*'(_c)]i  LB|(n  +  ,),  JJ  ^  4r  +  3 

The  expression  (50)  may  be  rewritten  as 


(50) 


Pm  P>a°v°  2 


Mg  <#«(-•) 

1 2  ^{(-o^.  i-s T=T  )~r(e'ci<) 

rTS 

C)| 

r«*  . 

3n  T  (2»  +  2)l  T 

'J  fl[4|-«(-c)]* 

1  3  L »!("+!)!  J 

>  4r  +  3 

From  this,  it  can  be  seen  that,  only  when  c 
approaches  to  zero,  or  when  the  impact  is 
done  with  constant  velocity,  is  the  amplitude 
of  impact  pressure  acting  at  the  centre  of 
disc  equal  to  P*aev> . 

It  is  relatively  easy  to  calculate  the 
distribution  of  pressure  according  to  above 
expression. 

The  factor 


2^;jj(-o 


ff£.  ■  3*  r  (2n  +  2)l  -n  yiEJi?«(-<Q]* 

l  3  T2"”W«(-e)3*  Ln»(ll,  i)!  J  4r  +  3 

has  already  been  calculated  in  the  calcula' 
tion  of  D(c).  It  is  sufficient  now  only  to 
calculate  the  factor 
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. . . 


2  (  “V  l—rl 


and  multiply 


it  by  the  preceeding  factor  correspondingly. 
As  an  example,  I  assume  that  c=2.2  and  cal¬ 
culate  the  distribution  of  the  pressure  at 
the  time  t=0.  The  results  are  shown  in  Pig. 4. 
In  the  same  figure  is  shown  the  pressure 
distribution  as  calculated  by  the  plane 
acoustical  wave  approximation  which  is 
sugqested  by  some  authors,  e.g.  Von  Karman 
[6]. 


Fig. 4  Pressure  distribution 


9.  CALCULATION  OF  IMPULSE 

In  structural  design,  it  is  important  to  know  the  magnitude  of  the  impulse. 
From  eq.  (50)  ,  the  pressure  impulse  from  t=0  to  /  “t  is  given  by 

ftCO-T* />(<.)•  rf«. 

J9  ao 

2  -c )p„„  ( _ 

-  “p»  -•  r»S — - r~--- - - — _ _ _ 

1 - 3?  r  (2n-t-2)!  1* 

*  (  c)l  3  +2,"«'[7f--(-c)H7r(B-fi)!  J  ]2  4773 

“P  (0)^(1 

aoc 

where  p'O)  -/■;••) I, 


From  eq. (37) ,  the  impulse  of  impact  force, 
from  t=0  to  t=  t  is  given  by 

FA*, -l  P(t)dt=  -nrin,c0O(e)  (i_c-=r<) 

=no)-\(!-rr'),  T.-Sl  (52) 

O'" 

where  F(0W(OU 

For  incompressible  liquid,  a,  aporoaches 
to  infinity  but  the  value  of  c  is  finite. 

It  is  determined  from  r<>  ,  the  radius  of  the 
disc;  m,  the  mass  of  the  disc;  and  p  ,  the 
density  of  undisturbed  fluid.  It  is  seen 
from  eqs. (37) ,  (50),  (51),  and  (52),  that, 
for  incompressible  fluid  the  impact  pressure 
and  impact  force  are  indefinite,  but  their 
impulse  is  finite.  In  other  words,  the 
impact  pressure  and  force  approach  to  infin¬ 
ity  during  the  initial  moment  of  impact; 
however,  the  infinite  values  only  last  for 
an  infinitesimal  time,  and  they  are 
integrable. 


10.  EFFECT  OF  PHYSICAL  PARAMETERS  ON  IMPACT 
PROCESS  ~ 

By  the  formulation  of  the  problem 
presented  in  this  paper,  hydrodynamic  impact 
force  is  related  to  following  physical 
parameters;  m  and  <•<>  ,  the  mass  and  the 
radius  of  the  disc;  «■,  ,  the  initial  velocity 
of  impacting  body;  t,  the  time;  i»»  and  °»  , 
the  density  -and  the  speed  of  sound  in  the 
undisturbed  fluid,  i.e. 

F  »/7(nIr„,«e,.<,p01ac)  (53) 

After  the  sim; larity  theory  and  the 
method  of  dimensional  analysis,  the  seven* 
physical  quantities  in  eq. (53)  can  be 
composed  into  four  independent  dimensionless 
combinations,  i.e.  the  four  criteria  of 
similarity; 
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Mach  number  Af, =«,/“*  4  , 

Mass  number  6  -y  'ii'c/m 

Time  number  t  =o,</r. 

Impact  force  coefficient  <>  =  /7'tr6P«0<>u» 

Thus,  eq. (53)  may  be  simplified  into 

<>=/(A/„t15)  (54) 

So  far,  we  have  determined  the  function 
c,=f  and  the  effect  of  each  parameter 

on  the  impact  force  and  impact  process  which 
is  given  by  the  particular  form  of  the  func¬ 
tion  f.  In  what  follows  we  shall  lay 
special  stress  on  the  effects  of  sound  speed 
and  the  density  of  the  liquid. 

From  eq.(37)  the  impact  force  is 
proportional  to  the  density  ft  of  the  fluid 
and  to  the  velocity  of  sound  in  the 
undisturbed  fluid.  By  virtue  of  the  disturb¬ 
ance  by  wind,  waves,  and  the  motions  of  ship 
or  other  entering  bodies,  as  well  as  by 
virtue  of  any  trapped-air  being  forced  into 
water,  the.  water  immediately  beneath  the 
free  surface  always  contain  some  gas  bubbles. 
Actually  it  is  a  mixture  of  water  and  air. 
This  will  lead  to  a  large  reduction  of  im¬ 
pact  force.  In  order  to  calculate  the  amount 
of  reduction  of  the  impact  force,  one  must 
calculate  the  average  density  of,  and  the 
velocity  of  sound  in,  the  mixture. 

Mallock  [7]  considered  the  velocity  of 
transmission  of  compression  waves  in  a  mixed 
fluid  (such  as  a  liquid  containing  gas  bub¬ 
bles)  the  same  as  it  would  be  in  a  homoge¬ 
neous  fluid  of  equal  average  density  and 
equal  mean  modulus  of  elasticity.  Let  f  and  E 
be  the  mean  density  and  mean  modulus  of 
elasticity  of  the  mixture,  and  let  volume, 
density,  and  modulus  of  elasticity  of  the 
liquid  and  gas  be  respectively  denoted  by 
Pi.  £i  ,  and  V,,  Pfy  E,  _ 

Since  the  velocity  of  transmission  of 

compression  wave  equals  ^/— •  and 

dyjvt=idp/Et,  dVjvt=dp/E,  f  where  dp  is  the 
variation  in  stress,  then  if  p,=mi>„ 

E,=t\E,  one  has  in  terms  of  E t- 

£  =  (55) 

P=P'£7YTTT  (56) 

V/ ■§■  ”  V™('  +  1  )/v'U  +  n)(ml  i  1  )  (57) 

P  /f  /p.  V -(»'  +  ! )/V  (i+"nj(m/+"l)m“  (58) 


Eq. (58)  is  the  expression  of  the  ratio  of  the 
impact  force  on  the  water  containing  gas  bub¬ 
bles  to  that  on  "solid"  water. 

Campbell  (8)  assumed  that  the  liquid  is 
incompressible  and  the  gas  perfect.  He  also 
assumed  that  the  gas  obeys  Boyle's  law,  which 
implies  that  the  liquid  is  able  to  act  as  a 
constant-temperature  heat  reservoir  for  the 
gas.  Then  he  gave  an  expression  for  calculat¬ 
ing  the  speed  of  sound  in  the  mixture 


0  (59) 
PL1  (l  +  it)r>,J 

where,  p  is  the  pressure  of  the  mixture,  p 
the  ratio  of  the  mass  of  the  gas  to  the  mass 
of  the  liquid  in  the  mixture.  «  is  related 
to  e«  ,  P,  and  the  mean  density  p  in  the 
following  way 

'  <»> 

Expression  (59)  derived  by  Campbell  differs 
only  slightly  from  eg. (57)  given  by  Mallock. 

It  can  be  expected,  that  che  assumptions 
underlying  expression  (59),  namely,  that  the 
gas  in  bubbles  obeys  Boyle ' s  law  and  that 
the  mixture  behaves  like  an  equivalent 
homogeneous  medium,  are  valid  only  for  small 
bubbles  and  for  low  wave  frequencies .  Similar 
limitations  are  tacitly  made  also  in  deriving 
expression  (57) . 

From  eqs.(58)  and  (60),  we  get 


Calculation  results 
after  Mallock’s 
•formula  of  sound  speed 
-j  Calculation  results  “ 
Rafter  Campbell's 
i  formula  of  sound 
\ speed 


Fig, 5  Ratio  of  the  impact  force  on  water 

containing  gas  bubbles  to  that  on  water 
containing  no  gas  bubbles  ("solid" 
water) 


Mlriirf'iiriiirfyiin1  r’rilMli’f 


Then  using  Campbell’s  assumption  and  eq.(59), 
and  noting  that  the  undisturbed  density  and 
the  velocity  of  sound  in  the  undisturbed 
fluid  are  used  in  eg.  (37)  with  p,=p„  and 
Par«.  ,  i  get  an,  alternative  expression 
for  the  ratio  of  impact  force  on  water-gas 
mixture,  to  that  on  "solid"  water 


“s r (a) 


1  (i+j*)r». 


Using  eqs,(61)  and  (62),  different 
ratios  of  impact  force  were  calculated  for 
different  values  of  p  .  In  the  calculation, 
we  assumed  roughly  m=800,  n=14800 , P«*I0*  Kg.M* 
P.=182i  Kg.M"4.  sec1  emd  «s=1450  M.sec'* .  The 
computed  results  are  plotted  in  Fig. 5.  It 
may  be  seen  that  with  water  containing  gas 
bubbles,  the  reduction  of  impact  force  is 
large.  For  example,  with  P  =0,0001,  the 
impact  force  is  reduced  to  as  much  as  1/41 
of  the  "solid"  water  value.  Correspondingly, 
the  velocity  of  sound  in  water  containing 
gas  bubbles'  is  reduced  to  1/38  of  its  value 
in  the  "solid"  water  case  and  the  mean  den¬ 
sity  of  mixture  is  95%  of  the  original. 
Therefore,  it  is  important  to  know  the 
content  of  gas  bubbles  in  the  water  imme¬ 
diately  beneath  the  free  surface. 
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Discussion 


Author’s  Reply 


J.L.  Baldwin  (Naval  Surface  Weapons  Center) 


X  wish  to  compliment  Mr,  Cher  for  his 
interesting  and  important  paper.  The  White 
Oak  Laboratory  of  NSKC  has  an  ongoing  pro¬ 
gram  investigating  fluid  entry  phenomenon. 
Based  on  our  experience,  I  wish  to  make 
the  following  comments. 

£1}  Water  entry  applications  occur 
over  a  wide  speed  range  from  less  than  10M/ 
sec  to  more  than  2000M/sec. 

£2}  Compressibility  effects  are  im¬ 
portant  when  the  forebcdy  wetting  time  is 
short,  ie,  t^-r0/a0 

(3)  Our  method  of  predicting  fluid 
entry  forces  does  not  include  compressi¬ 
bility  effects  but  still  gives  good  engi¬ 
neering  design  results. 

£4}  The  experimental  solution  to  the 
problem  of  the  vertical  entry  of  a  disk 
will  require  greater  core. 

I  wish  to  ask  Mr.  Chen  to  comment  on 
the  effects  on  his  results  caused  by, 
missile  elasticity,  slightly  curved  water 
surface  and  small  errors  in  geometry  (cuch 
as  disk  surface  not  exactly  parallel  to 
the  water's  surface). 


T.F.  Ogilvie  rU.iv  o?  I.tctugan) 

This  is  a  remarkable  paper  to  have 
been  prepared  (essentially)  more  than  IS 
years  ago.  Today  it  is  still  a  substantial 
contribution  to  our  knowledge  of  this 
subject. 

I  have  two  questions  for  the  author  : 

£1)  The  assumed  form  of  the  solution 
of  the  wave  equation,  as  stated  in  (11) , 
is  equivalent  to  what  would  be  obtained  by 
using  the  method  of  separation  of  variable^ 
with  physical  arguments  being  used  to 
eliminate  some  possible  forms  of  solution. 
However,  it  appears  that  all  exponentially 
decaying  solutions  should  be  admitted, 
which  then  suggests  that  the  final  solu¬ 
tion  would  have  been  expressed  as  a  Lap¬ 
lace  transform.  However,  the  author  re¬ 
tains  only  a  simple  exponentially  decaying 
solution.  Bid  he  consider  the  possibility 
of  superposing  all  possible  exponential 
solutions  ?  If  so,  was  there  some  evidence 
{unstated  in  the  paper)  for  keeping  just 
a  simple  exponential  solution  ? 

(2)  In  view  of  work  in  the  last  15 
years  on  the  effects  of  the  air  gap  between 
the  impacting  body  and  the  water  surface, 
would  the  author  -  .re  to  comment  on  the 
relative  importance  of  compressibility 
and  air-gap  effects  ? 


C.*S.  Shen  Cmna  S$fiC? 

I  have  read  many  of  Dr. Baldwin's 
papers,  I  am  delighted  to  his  opinion  on 
my  paper. 

Missile  elasticity,  slightly  curved 
water  surface  and  small  errors  in  geometry, 
in  my  opinion,  will  affect  the  process  of 
impact.  Elasticity  induces  high  frequency 
component  of  impact  force,  however,  the 
interval  of  time  in  which  elasticity  makes 
its  effect  felt  is  very  short,  so  it  will 
not  generally  affect  the  water-entry  ballis¬ 
tics.  Deformation  of  water  surface  may 
influence  the  impacting  force  in  two  ways; 

£1)  When  the  wave  length  is  relatively  long 
compared  with  the  dimension  of  the  body 
head,  the  effect  is  a  change  in  the  entry 
angle;  £2)  when  the  wave  length  is  very 
small  (ripples) ,  then  it  will  reduce  the 
contacting  areas  between  body  and  fluid, 
which  will  generally  reduce  the  impact 
loading.  Errors  in  geometry,  I  think,  will 
affect  the  impacting  process  in  some  way 
similar  to  the  last  mentioned  case. 

The  encouragement  of  Prof -Ogilvie  is 
very  much  appreciated  and  I  thank  Prof, 
ogilvie  for  his  discussion  on  my  paper. 

As  to  the  question  I  could  only  make  a  short 
reply  here,  as  there  isn't  much  time  to 
consider  between  ay  late  arrival  yesterday 
afternoon  and  this  morning  session. 

(1)  I  agree  with  Prof.  Ogilvie  in  that 
superposition  of  exponential  decaying  solu¬ 
tion  could  be  adopted,  or  in  other  words, 
the  solution  may  be  sol.ved  as  a  Laplace 
transform.  However,  there  is  seme  difficul¬ 
ty  in  solving  it  this  way  straight  through 
-  the  velocity  of  the  body  is  unknown 

in  the  process  and  hence  also  the  impact 
force  is  unknown. 

(2)  Dr.Fujita  first  proposed  to  in¬ 
vestigate  into  the  effect  of  air  trapped 
in  1954.  Works  of  last  15  years  by  many 
authors  have  confirmed  the  existence  of  an 
air  layer  between  the  impacting  body  and 
the  water  surface  during  the  initial  stage 
of  impact  (e.g.Sheng-Lun  Chuang,  1966,1967; 
J.H.G.Verhagen,1967;G.Lewison  and  W.M. Mc¬ 
Lean,  1968).  Before  the  air  has  escaped, 
the  air  compressibility  and  its  buffering 
action  is  important;  water  compressibility 
is  of  secondary  importance.  However,  after 
the  air  has  escaped,  especially  for  a  flat- 
or  blunt-nosed  body  impacting  water  at 
high  speed,  the  body  would  move  on  and 
eventually  impact  on  the  surface  of  a  liquid 
containing  many  minut-  air  bubbles  at  its 
vicinity.  During  this  stage,  I  consider 
water  compressibility  as  very  important. 
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ABSTRACT 

The  seakeeping  and  resistance  trade¬ 
offs  arising  in  frigate  hull  form  design 
are  addressed.  The  sources  of  model  test 
data  on  frigate  seakeeping  and  resistance 
are  reviewed.  A  methodical  series  of  model 
tests  on  frigate-type  hull  forms  is  de¬ 
scribed,  and  results  are  presented  showing 
the  effect  of  hull  form  parameters  on  re¬ 
sistance  and  seakeeping.  An  analytical  par¬ 
ametric  study  of  frigate  seakeeping  is  de¬ 
scribed.  In  presenting  the  results  of  this 
study,  emphasis  is  placed  on  slamming;  key 
seakeeping  paraacrers  are  identified  and 
design  priorities  recommended.  Design  of  a 
frigate  hull  form  is  discussed,  and  model 
test  results  are  presented  for  this  hull. 

It  is  concluded  that  important  impi ovements 
in  the  seakeeping  qualities  of  frigates  may 
be  achieved  by  the  selection  of  appropriate 
hull  design  parameters. 

NOTATION 


block  coefficient 
prismatic  coefficient 
waterplane  area  coefficient 
;  sistance  displacement  coefficient 


Froude  number 


Significant  wave  height 
ship  length 


longitudinal  position  of  the  centre 
of  buoyancy 

longitudinal  position  of  the  centre 
of  flotation 

length/displacement  ratio,  h/V1^3 

total  resistance 

draft 

energy-averged  wave  period 
speed 

gravitational  constant 

ship  operating  time  in  hours 

sectional  form  factor  for  impact 
pressure  calculation 

displacement  in  tons 

displaced  volume 

deadri.se  angle 

density  of  water 

root  mean  square  relative  motion 


root  mean  square  relative  velocity 


•a  wave  frequency 

1.  tSTRODUCTIOH 

Warship  designers  have  always  been  in¬ 
terested  in  achieving  high  speeds,  and  the 
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evolution  of  warship  hulls  reflects  this 
interest.  The  approach  until  recently  has 
been  to  design  the  hull  to  achieve  the  min¬ 
imum  resistance  at  top  speed  in  calm  water 
with  a  check  on  the  cruising  speed  perform¬ 
ance  to  ensure  that  endurance  requirements 
could  be  act.  Reference  to  earlier  designs 
was  frequently  made  to  determine  initial 
hull  form  parameters*  such  reference  being 
almost  always  on  a  basis  of  minimum  top 
speed  resistance.  The  esticated  shaft 
horsepower  requirements  for  this  calm  water 
top  speed  were  frequently  used  to  design  a 
"tailor  made"  steam  propulsion  system.  In 
the  absence  of  an  understanding  of  Che  per¬ 
formance  cf  ships  in  waves  and  without  suit¬ 
able  techniques  to  analyse  the  effects  of 
waves  on  the  ship,  a  small,  fairly  arbitrary 
margin  of  shaft  power  was  added  to  provide 
some  capability  to  maintain  speed  in  waves. 

Research  developments  of  the  past 
twenty  years  have,  fortunately,  improved 
this  situation  considerably.  Experimental 
and  theoretical  techniques  for  the  predic¬ 
tion  of  ship  motions  in  waves  have  been  de¬ 
veloped  and  validated.  Considerable  effort 
has  also  been  devoted  to  establishing  oper¬ 
ationally  significant  measures  of  ship  per¬ 
formance  in  waves.  As  a  result  of  this 
maturing  of  seakeeping  technology,  a  more 
rational  approach  is  now  being  taken  toward 
the  achievement  of  high  speeds  at  sea  by 
introducing  the  assessment  of  performance 
in  waves  into  the  ship  design  process. 

During  the  same  period,  model  tests 
have  provided  much  fundamental  data  on  re¬ 
sistance,  especially  through  the  testing  oi 
methodical  series.  Series  data  of  this 
type  enable  systematic  investigation  of  the 
effect  of  hull  form  parameters  on  resist¬ 
ance.  Hence,  given  present  methods  for  sea¬ 
keeping  analysis,  the  capability  is  provided 
for  trade-off  studies  of  seakeeping  and  re¬ 
sistance  in  frigate  hull  form  design,  as 
discussed  in  this  paper. 

The  Frigate  Seakeeping  Problem 

It  is  useful  at  this  point  to  present 
an  overview  of  the  seakeeping  problem  from 
the  standpoint  of  the  frigate  designer. 

The  term  "seakeeping"  is  used  herein  to 
describe  the  motions  and  related  phenomena 
experienced  by  a  ship  in  response  to  rough 
seas.  The  sea  acts  on  the  ship  to  produce 
adverse  phenomena  which  may  be  grouped 
under  three  major  headings:  motions,  slam¬ 
ming  and  green  water.  (There  are,  of 
course,  other  seakeeping  phenomena  of  gen¬ 
erally  lesser  significance,  such  as  invol¬ 
untary  speed  loss,  reduced  stability  and 
broaching,  which  this  paper  does  not  con¬ 
sider.)  The  primary  seakeeping  phenomena 
adversely  influence  the  crew,  the  hull 
structure  and  the  ship's  various  systems, 
as  will  now  be  discussed. 

The  crew  of  a  modern  warship  must 
ofttn  perform  demanding  and  highly  skilled 
tasks  at  sea,  either  operationally  or  in  a 
maintenance  role.  The  effects  of  ship 
motions  are  to  degrade  performance  and  to 


cause  excessive  fatigue  and  motion  sickness. 
Certain  tasks  may  become  dangerous  or  even 
impossible  to  accomplish,  making  work  re¬ 
strictions  necessary.  Injuries  may  occur, 
and  even  loss  overboard. 

In  heavy  seas,  the  hull  may  suffer 
damage  from  bottom  and  flare  slamming.  In 
deed,  it  is  the  concern  of  frigate  captains 
that  slamming  damage  may  occur  which  primar¬ 
ily  motivates  decisions  to  reduce  speed  in 
adverse  sea  conditions.  Other  structural 
problems  are  damage  to  superstructure  from 
green  water,  whipping,  and  fatigue. 

Performance  degradation  of  equipment 
can  take  many  forma,  for  example:  reduced 
accuracy  of  weapons,  reduced  detection  cap¬ 
ability  of  sensors,  and  loss  of  propulsive 
efficiency.  With  increasing  ship  motions, 
the  probability  of  breakdowns  also  increases, 
as  well  as  the  susceptibility  to  damage  from 
inertial  loads  and  green  water.  The  ship 
can  also  suffer  equipment  loss,  of  which  an 
example  is  loss  of  a  towed  body. 

The  operation  of  helicopters  from  frig¬ 
ates  and  destroyers  deserves  special  mention. 
The  helicopter  is  an  extremely  potent  weapon 
system  and  provides  these  small  to  medium 
sized  warships  with  a  high  capability  in 
terms  of  both  scope  and  flexibility  of  tasks. 
The  detrimental  effects  of  the  seaway  are: 
slowdown  is  operations,  landing  and  take¬ 
off  restrictions,  restricted  on-deck  move¬ 
ment,  reduced  capability  to  refuel  and  re¬ 
arm,  and,  at  worst,  damage. 

The  foregoing  discussion  has  identified 
many  ways  in  which  the  seaway  adversely 
affects  frigate  operations  and  has  shoun  the 
importance  of  including  scakeeping  considera¬ 
tions  in  frigate  design.  The  question  nat¬ 
urally  arises,  then,  as  to  what  aspects  of 
seakeeping  should  govern  the  selection  of 
frigate  hull  form  parameters.  For  frigates, 
the  most  important  motions  are  pitch,  heave, 
vertical  accelerations,  and  roll.  Schmitke1 
has  shown  that  the  influence  of  hull  fora 
on  rolling  is  of  secondary  importance.  This 
’eaves  vertical  plane  motions,  slamming  and 
gre  :n  water  as  the  factors  which  should  in¬ 
fluence  frigate  hull  form  design.  Of  the 
vertical  plane  motions,  vertical  accelera¬ 
tions  are  usually  of  primary  concern, 

A  further  important  simplification  may 
also  be  made.  Ship  response  in  a  seaway 
depends  strongly  on  the  heading  of  the  ship 
relative  to  the  waves.  For  a  typical  frig¬ 
ate,  it  may  be  shown*  that  bow  vertical 
accelerations,  slamming  and  deck  wetness 
reach  their  most  severe  levels  in  head  seas. 
Moreover,  Reference  2  also  shows  that  in 
head  seas,  values  computed  for  unidirectional 
and  short-crested  areas  are  very  similar. 
Hence,  one  may  consider  only  unidirectional 
head  S63S  when  seeking  to  optimize  frigate 
hull  forms  for  seakeeping. 

Seakeeping  and  Resistance  Trade-Offs 

Although  the  discussion  to  this  point 
has  emphasised  seakeeping,  this  does  not 
iessen  the  importance  of  resistance.  Indeed, 
given  present  and  projected  fuel  costs,  the 
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activation  to  design  fuel-efficient  ships 
is  probably  greater  nos#  than  ever  before. 
Hence,  a  fundamental  goal  in  frigate  hull 
form  design  is  to  acnieve  superior  seakeep¬ 
ing  s#ithout  coapronising  resistance.  As 
will  be  shown  in  the  follos#ing,  in  only  a 
tew  instances  are  resistance  and  seakeeping 
requirements  in  conflict,  and  compromises 
consequently  necessary.  It  will  also  be 
shown  that  existing  analytical  tools  and 
model  test  data  together  provide  the  cap¬ 
ability  to  make  these  trade-offs  quantita¬ 
tively. 

2.  REVIEW  OF  SOURCES  OF  INFORMATION 
2 . 1  Resistance  in  Cala  Water 

The  traditional  sources  of  data  for 
predicting  ship  resistance  in  caln  water 
are  the  published  results  of  model  tests  of 
methodical  series  forms.  Many  such  series 
have  been  tested.  References  3  to  8  for 
example,  and  they  differ  from  one  another 
in  the  type  of  parent  form  used,  the  param¬ 
eter  variations  explored  and  the  speed 
range  over  which  the  tests  were  carried  out. 
The  use  of  methodical  series  data  is  a 
subject  covered  in  detail  in  standard  texts 
such  as  Reference  9.  in  this  section,  those 
series  of  relevance  to  frigate  design  will 
be  discussed  briefly. 

The  best  known  series.  The  Taylor 
Scries1,  covers  speeds  up  to  F^  =  0.6,  where 

F  is  Froude  number.  The  forms  have  round 
a 

sterns,  fine  ends  and  full  midship  sections 
which  are  inappropriate  to  ships  operating 
at  speeds  in  excess  of  about  Fn  *  0.35.  The 

series  is  thus  of  limited  application  to 
frigates  since,  although  economical  cruising 
speed  is  of  importance,  it  is  not  the  main 
criterion  for  the  s-  tect  'on  of  the  hull  form 
for  such  ships. 

Most  present  day  frigates  have  a  design 
speed  between  F^’s  of  0.35  and  0.5  (the 

hump  speed).  The  HSVA  ”C"  series'  is  appro¬ 
priate  to  this  speed  range.  The  parent  form 
has  a  transom  stern  and  the  main  parameters 
varied  are  length-displacement  ratio  Mj  , 
beam/draft  ratio  B/T  and  prismatic  coeffi¬ 
cient  Cp.  Also  included  in  the  series  are 

models  which  give  the  effect  of  changing 
the  transom  width  and  of  fitting  a  bulbous 
bow. 

When  speed  is  Increased  beyond  the  hump 
speed  but  not  so  fast  that  dynasic  lift  is 
of  any  importance,  the  traditional  solution 
to  the  design  problem  is  to  use  slender 
forms.  The  DTJJSRDC  Series  64s  and  the 
Davidson  series  of  models  of  high  speed 
ships’  typify  this  approach.  Both  investi¬ 
gate  the  effects  of  variations  in  (5) and  B/T 
with  Cj,  held  constant.  The  data  from  these 

series  are  useful  in  the  design  of  large 
vessels  but  the  narrow  beams  and  the  asso¬ 
ciated  lack  of  stability  make  these  forms 
impractical  for  modern  small  warships. 

For  speeds  extending  into  the  semi- 


planing  regime,  valuable  data  are  contained 
in  the  KPL  High  Speed  Round  Bilge  Displace¬ 
ment  Hull  Series7  and  the  SSPA  High  Speed 
Displacement  Vessel  Series®.  In  the  HPL 
series (H) ,  B/T,  length/beam  ratio  L/B  and 
the  position  of  the  longitudinal  centre  of 
buoyancy  LCB  are  varied,  while  in  the  SSPA 
series  cnly  the  effects  of  varying  (S)  and 
B/T  are  explored. 

As  an  alternative  to  methodical  series, 
attempts  have  been  made  to  use  regression 
techniques  to  identify  trends  in  resistance 
with  changes  of  hull  form  parameters  from 
results  of  model  tests  with  unrelated  forms. 
Careful  statistical  analysis  of  such  data 
can  yield  insight  into  the  importance  of 
individual  hull  form  parameters  and  estab¬ 
lish  trends  of  resistance  with  hull  form 
geometry.  However,  such  methods  have  not 
yet  been  generally  made  available  to  naval 
architects  for  the  prediction  of  ship  resist¬ 
ance  and  will  not  be  considered  further  in 
this  paper. 

2 . 2  Seakeeping 

Data  and  information  on  seakeeping  are 
less  readily  available  than  for  performance 
in  calm  water.  Unlike  performance  in  calm 
water  where  even  model  tests  carried  out 
over  fifty  years  ago  are  relevant,  much 
published  seakeeping  data  are  insufficiently 
comprehensive  to  be  used  with  modern  pre¬ 
diction  techniques.  It  is  now  generally 
recognized  that  predictions  of  performance 
in  irregular  waves  based  on  response  curvet 
measured  on  a  model  or  calculated  by  theory, 
provide  a  satisfactory  basis  for  comparing 
different  hull  forms.  Unfortunately,  much 
of  the  published  data  from  experiments  with 
models  from  methodical  series  are  for  tests 
carried  out  in  only  a  limited  number  of  reg¬ 
ular  waves,  insufficient  to  enable  response 
curves  to  be  adequately  defined.  Further¬ 
more,  the  parameters  which  have  usually  been 
varied  in  methodical  series,  like(M),  B/T 
and  Cp  may  not  be  those  which  are  of  most 

importance  for  seakeeping.  Series  developed 
primarily  for  investigations  of  calm  water 
performance  may  be  of  limited  value  for  sea¬ 
keeping  studies. 

Several  models  from  HSVA  ”C"  series 
were  tested  in  regular  waves  over  a  speed 


range  corresponding  to  F 


0.2  to  0.6. 


wave  height  was  maintained  constant  at  1/40 
of  the  model  length,  and  the  wave  lengths 
set  in  turn  to  0./5,  1.0,  1.25,  1.5  and  2.0 
times  the  model  length.  Measurements  made 
included  pitch,  heave,  vertical  acceleration 
and  relative  bow  motion.  These  data  are 
presented  in  Reference  4  as  plottings  of  the 
corresponding  non-dimensional  quantities 
against  Fn  for  each  wave  length  tested.  The 

diagrams  are  very  difficult  to  interpret, 
and  it  is  to  be  noted  that  Reference  4  does 
not  arav  any  conclusions  concerning  the  rel¬ 
ative  merits  of  seakeeping  performance  of 
the  designs  tested.  Attempts  to  derive 
response  curves  from  the  measured  data  have 
not  been  successful,  primarily  because  so 
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few  wave-lengths  were  used  in  the  test  pro- 
gras. 

One  reason  for  preferring  to  compare 
predictions  of  performance  in  irregular 
waves  rather  than  data  measured  in  regular 
waves  is  that  of  flexibility.  The  predic¬ 
tions  say  be  calculated  for  a  wide  range  of 
sea  states  and  ship  sizes.  This  aspect  was 
exploited  in  the  analysis  of  the  SSFA 
series"  to  give  comparisons  of  three  designs 
with  different  B/T  in  a  aon-d imensional 
fora  relating  the  notion  response  to  the 
length  of  the  ship  and  the  average  period 
and  significant  wave  height  of  the  irregular 
waves.  It  was  concluded  that  the  influence 
of  B/T  on  the  performance  in  waves  was  less 
ti*an  that  of  the  longitudinal  distribution 
ci  weight  along  the  hull. 

In  some  cases.  Reference  6  for  exam¬ 
ple,  a  choice  has  been  made  to  carry  out  the 
experiments  in  irregular  waves.  In  inter¬ 
preting  the  results  of  such  tests  the  model 
must  always  be  considered  to  represent  a 
particular  full-scale  situation  and  the  data 
produced  cannot  he  generalized  to  ship  sizes 
or  wave  conditions  other  than  those  tested. 
It  is  concluded  in  Reference  6  that  for  the 
Davidson  series  models  in  the  sea  states 
tested,  increasing (fi) at  constant  displace¬ 
ment  and  increasing  B/T  both  tend  to  im¬ 
prove  seakeeping  qualities.  However,  the 
data  in  Reference  6  do  not  enable  quantita¬ 
tive  trends  to  be  deduced  for  other  types 
or  sizes  of  ships,  and  are  thus  not  applic¬ 
able  to  frigates. 

Reference  10  contains  results  of  series 
of  tests  in  both  regular  and  Irregular 
waves  with  16  models  derived  from  the  fora 
of  a  large  twin  screw  ship  to  give  a  wide 
variation  of  block  coefficient  Cg,  water- 

plan  e  area  coefficient  C^,,  LCB  and  longi¬ 
tudinal  centre  of  flotation  LCr.  The  data 
measured  in  irregular  waves  were  in  this 
case  used  to  justify  the  use,  for  making 
comparisons,  of  predictions  of  performance 
in  irregular  waves  based  on  responses 
measured  in  regular  waves.  As  with  the 
SSPA  data  discussed  above,  the  seakeeping 
predictions  are  presented  in  a  way  which 
enables  their  convenient  determination  for 
any  practical  combinations  of  ship  lengths, 
average  wave  period  and  significant  wave 
height.  This  series  is  of  particular 
value  in  that  the  forms  tested  cover  wide 
variations  in  section  shape  and  the  results 
show  the  tendency  for  increases  in  water- 
plane  area  coefficient  to  improve  seakeep¬ 
ing  performance.  The  specific  data  given 
in  Reference  10  are,  however,  not  applicable 
directly  to  frigate  designs. 

The  statistical  approach,  the  analysis 
of  trends  from  data  from  random  models,  has 
been  more  successful  in  the  case  of  seakeep¬ 
ing  than  resistance.  An  analysis  of  data 
for  single  screw  merchant  ships.  Reference 

11,  relates  pitch  and  heave  to  the  princi¬ 
pal  particulars  of  hull  form  and  weight  dis¬ 
tribution.  An  independent  check.  Reference 

12,  of  the  simple  equations  contained  in 
Reference  11,  concludes  that  for  such  ships. 


the  results  are  at  least  as  good  as  sophis¬ 
ticated  strip  theory  predictions.  Unfor¬ 
tunately,  similar  statistical  analyses  for 
frigates  have  not  yet  been  published. 

One  of  the  reasons  for  so  little  model 
data  being  published  for  methodical  series 
in  waves  is  the  cost  and  time  required  to 
carry  out  such  tests,  compared  with  resist¬ 
ance  tests.  A  methodical  set  of  theoretical 
calculations  is  a  much  cheaper  alternative 
which,  subject  to  the  usual  assumptions  cor- 
cerning  the  theoretical  approach  to  the 
solution  of  seakeeping  problems,  should  give 
results  of  much  value.  Such  a  set  of  theo¬ 
retical  calculations  has  been  carried  out 
for  Series  60  designs.  Reference  13,  but,  of 
course,  yet  again,  the  results  are  not 
applicable  to  frigates. 

Much  model  and  theoretical  work  con¬ 
tinues  to  be  carried  out  to  explore  the 
effects  on  seakeeping  of  variations  In  the 
hull  form  of  specific  designs.  However, 
there  is  a  need,  particularly  for  frigate¬ 
like  nulls,  for  sources  of  quantitative  data 
on  performance  which  may  be  used  in  the 
earlier  stages  of  the  design  process  before 
the  hull  lines  have  been  fully  defined.  The 
methodical  series  experiments  and  the  results 
of  the  systematic  theoretical  calculations 
which  are  described  in  Sections  3  and  4,  re¬ 
spectively,  were  carried  out  in  order  to 
satisfy  this  requirement. 

3.  THE  HRC  SERIES 

3. I  Description  of  the  Series 

As  shown  in  Section  2,  there  is  com¬ 
paratively  little  published  information  on 
the  seakeeping  and  resistance  of  high  speed 
displacement  ships.  Systematic  seakeeping 
data  are  especially  scarce.  For  these 
reasons,  the  Hull  Form  Series  for  Fast  Sur¬ 
face  Ships  was  initiated  at  the  Marine  Dy¬ 
namics  and  Ship  Laboratory  of  the  National 
Research  Council  of  Canada  (HRC),  to  both 
complement  and  extend  existing  published 
data.  In  planning  the  SRC  series,  particu¬ 
lar  emphasis  was  placed  on  seakeeping,  and 
the  choice  of  parent  form  and  variations 
was  largely  governed  by  this  requirement. 

A  review  of  published  work  and  results 
from  a  preliminary  parametric  study,  similar 
to  that  described  in  Section  4,  had  indica¬ 
ted  that,  for  seakeeping,  the  characteristics 
of  the  waterplane  were  of  great  importance. 
The  waterplane  area  coefficient  was,  there¬ 
fore,  selected  to  be  a  basic  parameter  for 
the  series. 

A  second  fundamental  requirement  to 
influence  the  design  of  the  series  was  that 
parameters  varied  would  be  restricted  to 
those  which  were  likely  to  be  known  or  easily 
estimated  at  the  earliest  stages  of  design. 

In  addition  to  waterplane  area  coefficient, 
parameters  such  as  length,  beam,  draft  and 
displacement  only  would  be  considered.  For 
seakeeping,  (m)  and  B/T  are  appropriate  com¬ 
binations  of  these  parameters,  since  they 
may  be  related  to  the  added  mass  and  damp¬ 
ing  characteristics  of  the  hull  fora.  How- 
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sEoi  a '  constant  length  on  tne  otner.  rot 
these  reasons,  it  was  felt  desirable  to 
Include  variations  In  fullness  explicitly 
by  changing  block  coefficient  Ca  within  the 

series.  In  any  systematic  series,  impor¬ 
tant  parameters  should  be  included  but  once. 
Following  the  inclusion  of  block  coeffi¬ 
cient,  it  becomes  necessary  to  replace (5) 
(which  implicitly  includes  block  coeffi¬ 
cient)  with  a  slenderness  parameter  L* /ST  to 
relate  the  seas  and  draft  to  the  length  of 
the  hull. 

To  carry  oat  a  series  of  seakeeping 
model  tests  is  expensive  and  time-consuming 
To  ensure  that  the  trends  in  performance 
with  hull  form  parameters  investigated 
would  be  defined  beyond  any  reasonable 
doubt,  the  variations  in  the  selected  para¬ 
meters  tested  must  be  as  large  as  possible. 
1st  ths  RgC  series,  this  was  accomplished 
within  the  limits  of  practical  (if  not  al¬ 
ways  desirable)  hull  forms. 

A  final  consideration  in  the  design 
of  the  series  was  that  a  maximum  of  useful 
results  should  be  cb tain able  before  all 
the  testing  was  complete.  To  some  large 
extent,  the  series  was  developed  in  response 
to  requests  from  designers  for  information 
on  resistance  and  seakeeping  of  high  speed 
displacement  hull  farms.  These  require¬ 
ments  guided  net  only  the  experiment  design 
and  choice  of  parameters  but  also  the 
priority  in  testing  the  models. 

The  experiment  design  finally  adopted 
is  shown  in  Table  1.  This  is  essentially  a 
factorial  design,  with  two  levels  of  each 
of  the  four  design  parameters  included,  ex¬ 
cept  for  beam  draft  ratio  which  is  tested 
at  three  levels.  The  beam  draft  ratios 
3.28  and  4.2  cover  the  frigate  range,  the 
additional  high  value  of  5.2  being  included 
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vessels,  where^extra  stability  is  required. 
The  range  of  L*/BT,  which  corresponds  effec¬ 
tively  to  a  (H)  range  of  6.8  to  7.9,  was  se¬ 
lected  after  an  inspection  of  the  principal 
particulars  and  nominal  speeds  of  many  war- 

shios.  The  values  of  C_  and  €..  were  selee- 

s  it 

ted  to  include  several  practical  design  al- 
ternat ives. 

The  series  will  enable  trends  in  per¬ 
formance  with  variations  in  one  parameter 
to  be  determined  for  different  values  of 
the  remainin'  three.  It  will  be  possible 
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lZ3  Designs  considered  i«  this  paper 


Three  new  hull  forms,  designs  12,  18 
and  24,  were  developed  from  the  parent  form, 
and  the  remaining  designs  obtained  simply  by 
scaling  beam  and  draft  from  the  four  basic 
forms.  Design  22  differs  from  design  6  in 
that  it  has  a  new  waterplane  corresponding 


to  the  larger 


la  the  new  waterplane 


curve,  the  width  of  the  transom  is  increased 
to  0.743  compared  with  S7.43S  for  the  parent 
fora.  The  sectional  area  curves  for  designs 
6  and  12  are  identical.  Designs  18  and  24 
each  have  the  same  sectional  area  curve  Cdif 
ferent  from  that  of  designs  6  and  12)  and 
have  waterplane  curves  the  same  as  for  de¬ 
signs  6  and  12,  respectively.  Designs  i,  12 
18  and  24  have  identical  midship  sections. 

In  all  rases,  LCE  and  LCF  are  the  same.  The 
method  used  to  derive  sect Iocs  corresponding 
to  the  various  combinations  of  sectional 
area  and  waterplane  curves  followed  closely 
the  scheme  described  in  Reference  10. 

Body-plans  for  the  four  designs  are 
shown  in  Fig.  1.  From  these  figures  it  can 
be  seen  that  the  series  includes  two  normal 
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At  the  present  time  ten  models  out  of 
the  twenty— four  of  Table  1  have  been  tally 
tested  aad  the  results  analysed.  These  are 
shown  blocked  out  in  Table  1.  All  four  de¬ 
signs  with  parameters  closest  to  those  of 
existing  frigates  (designs  6,  12,  18  and  24 
have  been  tested,  together  with  the  designs 
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Fig.  3  Effect  on  Resistance  of  Increasing  Cw 


sistance  at  high  speed,  while  increasing 
B/T  increases  resistance  slightly  over  the 
whole  speed  range. 

i  notable  feature  of  both  Fig.  2  and  3 
is  that,  in  each  figure,  all  four  pairs  of 
designs  show  the  sane  trends.  Increasing 
Cfi  generally  increases  resistance,  espe¬ 
cially  between  20  and  25  kt .  Increasing 

increases  resistance  at  low  speed,  but  at 
high  speed  the  reverse  is  true. 

The  group  of  16  designs  made  by  com¬ 
bining  bows  and  sterns  of  design  6,  12,  18 
and  24  enable  study  of  the  effects  of  in¬ 
creasing  bow  U-ness  and  varying  transom 
width.  For  example,  the  change  from  bow  12 
to  bow  6,  Fig  4,  is  a  change  from  extreme 
V  to  normal  sections.  Analogously,  the 
change  from  stern  12  to  stern  6,  Fig.  5,  is 
a  change  from  wide  to  narrow  transom. 

Increasing  the  U-ness  of  the  bow,  Fig. 
4,  reduces  resistance  over  the  entire  speed 
range.  Making  the  stern  wider  and  flatter, 
Fig.  5,  increases  resistance  at  low  speed 
and  reduces  resistance  at  high  speed.  As 
in  Fig.  2  and  3,  data  from  different  pairs 
of  designs  are  very  consistent. 


Fig.  4  Effect  on  Resistance  of  Increasing 
Bow  U-ness  -  C.  =  0.48 
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Fig  5  Effect  on  Resistance  of  Decreasing 
Transom  Width  -  CD  =  0.48 
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3 . 3  Seakeeping  Tests 

Experiments  were  carried  out  with  the 
model  self-propelled  with  no  external  tow 
force  in  regular  head  waves.  The  wave 
height  was  maintained  at  a  value  nominally 
l/50th  of  the  wave  length,  and  the  wave 
length  was  varied  in  about  20  steps  from 
one-half  to  three  times  the  waterline  length 
of  the  model.  The  experiments  were  repeated 
at  each  of  four  speeds  corresponding  to 
F^  =  0.2,  0.3,  0.4  and  0.5.  Measurements 

relevant  to  this  paper  were  pitch  and  heave 
amplitudes  and  phases.  The  measured  data 
were  expressed  in  standard  non-dimensional 
form  and  smooth  lines  drawn  through  them. 

As  discussed  in  Section  2.2,  compar¬ 
isons  between  different  designs  are  best 
made  on  the  basis  of  predictions  of  motions 
in  irregular  seas.  Hence,  predictions  of 
pitch,  heave,  relative  bow  motion  (RBM)  and 
vertical  acceleration  at  .25L  have  been 
made  for  ships  of  3500  tons  in  irregular 
head  seas,  using  the  measured  response 
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Fig.  6  Ship  Motion  Comparisons,  A  =  3500  Tons 


curves  and  the  quadratic  regression  spectrum 
of  Reference  14.  In  this  section,  results 
are  discussed  for  a  significant  wave  height 
of  12  ft,  averaged  over  a  wave  period  range 
of  7.28  to  10.92  sec  and  over  a  speed  range 
of  15  to  30  knots.  (For  the  rationale  un¬ 
derlying  this  choice  of  wave  height  and 
period,  see  Section  4.3).  To  facilitate 
comparisons,  the  data  have  been  made  non- 
dimensional  by  dividing  by  the  •'ppropriate 
motion  value  for  design  6  (bas,  form). 

The  results  are  presented  in  Fig.  6. 

The  bar  graph  form  of  presentation  enables 
a  rapid  visual  comparison  of  the  seakeeping 
merits  of  different  designs.  The  superior¬ 
ity  of  design  12  is  evident.  For  all  four 
ship  motions  plotted,  it  has  the  lowest 
values.  Moreover,  its  motions  are  signif¬ 
icantly  lower  than  the  basic  form.  It  is 
also  interesting  to  note  that  pitch,  heave 
and  acceleration  are  substantially  affected 
by  the  variations  in  hull  form  parameters 
(especially  heave),  while  relative  bow 
motion  is  affected  to  r.  lesser  degree. 

Again,  it  is  convenient  to  study  sea¬ 
keeping  trends  by  comparing  ship  motions 
for  pairs  of  designs  which  differ  in  only 
one  major  hull  form  parameter.  Fig.  7  to  10 
sho.’  the  variations  in  pitch,  heave,  rel¬ 
ative  bow  motion  and  acceleration  with  var¬ 
iations  in  L2/BT,  B/T,  Cg  and  Cw<  In  these 

figures,  each  straight  line  corresponds  to 


a  pair  of  models  in  which  one  major  hull 
form  parameter  is  varied  while  the  other 
three  are  held  constant  at  the  values  given 
in  the  legend. 

The  data  show,  in  general,  a  remarkable 
consistency  between  the  trends  identified 
from  different  pairs  of  models.  Pitch, 
heave  and  acceleration  are  reduced  by  in¬ 
creasing  L2/PT,  B/T  and  Cw.  Increasing  CB 

results  in  an  increase  in  these  motions. 
Relative  bow  motion  is  reduced  by  increasing 
B/T  and  increased  by  .increasing  Cg.  For 

three  pairs  of  designs^  L2/BT  has  very 

little  effect  on  relative  bow  motion,  but 

at  low  C„  and  B/T  relative  bow  motion  in¬ 
ti 

creases  with  increasing  L2/BT.  For  designs 
with  high  L2/BT  and  low  B/T,  increasing 

reduces  relative  bow  motion,  but  the  remain¬ 
ing  Cy  variations  have  small  effect  of  rel¬ 
ative  bow  motion. 

The  comparisons  described  above  are 
for  ships  of  3500  tons  displacement,  and, 
since  block  coefficient  and  t2/BT  very, 
cover  a  range  of  ship  length  from  32?  to 
394  feet  on  the  waterline.  Since  the  effect 
of  changing  length  is  in  itself  of  import¬ 
ance  for  seakeeping  performance,  it  is  use¬ 
ful  to  establish  whether  the  trends  attribu¬ 
ted  above  to  CD  and  t2/BT  may  not  bo  more 

closely  associated  with  the  corresponding 
changes  of  length.  For  a  constant  displace¬ 
ment  of  3500  tons,  the  increase  in  Cg  from 

0.48  to  0.52  requires  a  reduction  in  length 
from  394  feet  to  383  feet  on  the  waterline, 
while  the  increase  in  I,2/BT  from  150  to  238 
is  associated  with  an  increase  in  length 
from  329  to  383  feet.  Calculations  have 
been  made  for  ships  of  constant  length,  383 
feet,  at  the  same  speeds  and  sea  conditions 
used  for  the  comparisons  between  the  3500 
ton  ships.  The  effects  of  variation?  in 
b2/BT  and  C_  have  been  re-evaluated  on  this 

.  .  D 

basis. 

The  small  change  in  length  associated 
with  the  caange  in  Cg  has  little  effect  on 

the  trends,  but,  as  shown  in  Fig.  11.  this 
is  not  the  case  for  L2/BT.  Pitch,  for 
example,  now  increases  slightly  as  L'/BT 
is  increased.  In  the  case  of  acceleration, 
a  trend  of  acceleration  to  decrease  as 
LZ/BT  increases  at  constant  displacement  is 
reversed  at  constant  length.  Changes  to 
the  trends  of  heave  and  relative  motion  are 
much  smaller.  It  is  concluded  that  the 
beneficial  effects  of  increasing  L2/BT  at 
constant  displacement  are  mainly  due  to  the 
corresponding  increase  in  ship  length. 

The  effect  on  seakeeping  of  variations 
of  parameters  included  in  the  series  may  be 
summarized  as  follows: 

(1)  Increasing  ship  length  reduces  ship 
motions  and  accelerations. 

(2)  Increasing  B/T  also  reduces  motions 
and  accelerations. 

(3)  Increasing  Cw  generally  improves  sea¬ 
keeping  performance. 
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(4)  Increasing  Cfi  tends  to  increase  ship 

motions.  ' 

(5)  Increasing  L2/BT  at  constant  displace¬ 
ment  has  a  beneficial  effect  due  to 
the  associated  increase  in  length. 

(6)  Increase  in  beam  and  draft  at  constant 
length  have  a  small  detrimental  effect. 
It  must  be  emphasized  that  these  con¬ 
clusions  apply  only  to  frigates  or  similar 
vessels  with  principal  particulars  within 
the  ranges  included  in  the  series.  It 
should  be  noted,  moreover,  that  in  the  pro¬ 
cess  of  deriving  the  variations  in  Cg  and 

C,  from  the  basic  hull  form,  undefined  geo- 
W 

metric  factors  have  been  changed,  and  these 
changes  probably  influence  the  results  to 
some  extent. 


In  the  ship  design  process,  many  fac¬ 
tors  besides  hydrodynamics  govern  the  selec¬ 
tion  of  the  principal  particulars  of  the 
hull.  Considerations  of  payload,  mission, 
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stability  and  financial  aspects  all  pcay 
their  part,  particularly  in  fixing  displace¬ 
ment,  length,  beam  and  draft.  Of  the  four 
parameters  considered  in  the  NRC  series,  the 
ship  designer  probably  has  greatest  freedom 
to  select  Cy  on  the  basis  of  hydrodynamics. 

From  the  calm  water  point  of  view,  a  low 

associated  with  a  narrow  transom  would  seem 
to  be  best  for  speeds  up  to  about  20  knots, 
while,  for  high  speeds,  a  wide  transom  and 
high  Cy  should  be  better.  For  seakeeping, 

increasing  C„  tends  to  reduce  motions  over 
W 

the  whole  speed  range. 

As  the  results  from  the  resistance  and 
seakeeping  tests  of  the  series  were  being 
analyzed,  a  requirement  arose  for  a  ship  de¬ 
sign  which  would  combine  economical  cruising 
speed  performance  with  best  possible  sea¬ 
keeping  qualities.  The  results  of  the 
series  seemed,  at  first,  to  suggest  that 
these  two  requirements  are  mutually  exclu¬ 
sive.  A  possible  way  out  of  this  dilemma 
would  be  to  try  to  combine  an  aft  body  with 
a  narrow  transom  and  low  waterplane  area 
with  a  forebody  with  large  waterplane  area. 
Companion  analytical  studies  had  suggested 
that  this  approach  would  be  successful. 

Since  design  12  had  shown  exceptional 
performance  in  waves,  it  was  of  interest  to 
test  how  this  might  degrade  if  the  bow  of 
this  design  were  coupled  to  the  stern  of 
design  6,  which  had  good  performance  in  calm 
water  at  lower  speeds.  Tne  inverse  question 
cf  how  performance  of  design  6  in  calm  water 
might  degrade  when  the  bow  was  changed  to 
that  of  design  12  is  also  relevant. 

The  three  designs  under  consideration 
(6,  12  and  12/6)  had  already  been  tested  in 
calm  water  and,  as  shown  in  Fig.  5,  the 
effects  of  changing  from  the  wide  stern  of 
design  12  to  the  narrow  stern  of  design  6 
was  beneficial  up  to  a  speed  of  about  20 
knots.  On  the  other  hand,  the  calm  water 
performance  of  design  6  was  compromised 
somewhat  by  the  change  in  bow  as  shown  in 
Fig.  A. 

Seakeeping  tests  were  performed  on 
model  12/6,  and  the  results  analyzed  in  the 
same  way  as  for  the  main  designs  in  the 
series.  The  results  are  shown  in  Fig.  12 
which  shows  that  the  reduction  of  in  the 

aft  body  alone  caused  only  a  small  seakeep¬ 
ing  penalty. 

It  is  concluded  that  bow  form  is  of 
major  importance  for  seakeeping  and  that 
the  stern  may  be  optimized  for  performance 
in  calm  water  with  little  effect  on  sea¬ 
keeping. 

4.  PARAMETRIC  STUDY  OF  FRIGATE  SEAKEEPING 

AND  RESISTANCE 

Approximately  2  1/2  years  after  work 
started  on  the  NRC  model  series,  the  Cana¬ 
dian  Department  of  National  Defence  began  a 
comprehensive  frigate  design  study.  In 
order  to  provide  hydrodynamic  data  for  hull 
design,  a  parametric  study  was  conducted  of 
the  influence  of  hull  form  parameters  on 


frigate  seakeeping  and  resistance.  This 
study  will  now  be  described. 

Predictions  of  resistance  for  the  study 
were  made  on  the  basis  of  the  HSVA  "C"  series 
(Section  3).  However,  since  the  study  took 
place  before  seakeeping  data  were  available 
from  the  NRC  series,  the  seakeeping  perform¬ 
ance  predictions  were  made  using  a  ship 
motion  computer  program15.  This  was  not 
felt  to  be  a  serious  restriction  since  for 
the  particular  case  of  ship  motions  in  head 
seas,  the  limitations  of  such  computer  pro¬ 
grams  are  reasonably  well  understood  and, 
within  these  limitations,  these  programs 
predict  ship  motions  with  engineering  accu¬ 
racy. 

Particular  confidence  can  be  placed  -n 
the  results  cf  studies  made  using  ship 
motion  computer  programs  if  the  data  at.;  in¬ 
terpreted  in  a  comparative  manner.  Murdey16 
has  shown  that  for  frigate-size  ships, 
theory  predicts  the  effect  of  major  changes 
in  hull  form  or  proportions  on  motions  in 
head  seas  to  within  5%  of  the  motions  of 
the  initial  design.  This  means  that  if,  for 
example,  a  certain  design  change  is  shown  by 
model  tests  to  increase  pitch  by  15%,  theory 
may  be  expected  to  predict  a  chang  between 
10%  and  20%. 

An  important  advantage  of  using  ship 
motion  computer  programs  in  parametric 
studies  is  that  seakeeping  performance  of 
new  designs  can  be  compared  to  existing 
ships  for  which  model  test  data  are  not 
available . 

4  .  1  Study  Plan 

The  parametric  study  involved  making 
predictions  for  a  number  of  different  de¬ 
signs,  all  derived  from  the  same  parent  ship. 
The  following  leading  particulars  were  se¬ 
lected  for  the  parent  ship: 

A  3300  tons 

L  380  ft 

B  43.8  ft 

T  13.4  ft 

(5)  7.80 

B/T  3.28 

CB  0.52 

C„  0.80 

w 

The  above  values  for  B/T,  Cg  and 

are  the  same  as  for  design  24  of  the  NRC 
model  series,  while  (m) is  slightly  higher. 

As  with  the  model  series,  variations  in  four 
parameters  were  investigated : @ ,  B/T, 

and  C^.  In  all  cases  but  C^,  increments  be¬ 
low  and  above  the  parent  value  were  taken. 
Displacement  was  held  constant  at  3300  tons 
-  a  typical  frigate  value.  The  cases  in¬ 
cluded  in  the  study  are  shown  in  Table  2. 

The  range  of  parameters  in  Table  2  is 
generally  within  the  envelope  of  the  NRC 
model  series.  In  fact,  ships,  0,  1,  2,  4, 

6,  7  and  8  were  based  on  hulls  drawn  for 
that  series,  with  linear  dimensions  adjusted 
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as  required.  New  hulls  were  generated  for 
ships  3,  5  and  9,  using  a  computer  program 
for  warship  hull  lines  generation.  It  is 
important  to  emphasize  that  the  study  in¬ 
cluded  no  unrealistic  hulls  and  that  all 
parameters  were  within  practical  limits. 

4 . 2  Resistance 

Residuary  resistance  was  estimated  on 
the  basis  of  both  the  NRC  series  and  the 
HSVA  "C"  series,  using  the  computer  programs 
described  in  References  17  and  18.  Refer¬ 
ence  17  ("C"  series)  was  used  for  the  var¬ 
iations  in.M),  B/T  and  Cg,  while  Reference 

18  (NRC  series)  was  used  for  the  varia¬ 
tion.  Frictional  resistance  was  calculated 
using  the  ITTC  1957  skin  friction  line.  To 
facilitate  comparisons,  all  resistance  data 
were  non-d imens ional ized  by  dividing  by  the 
value  computed  for  the  parent  ship  at  the 
corresponding  speed. 
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Fig.  13  Effect  of  Hull  Form  Parameters  on 
Resistance 


Results  are  plotted  in  Fig.  13  for 
ship  speeds  of  15  and  22  knots,  which  re¬ 
present  typical  frigate  patrol  speeds,  and 
30  knots,  representing  top  speed.  The 
ordinate  is  non-dimensional  resistance,  com¬ 
puted  as  described  above,  while  the  abscissa 
is  the  percentage  variation  in  each  hull 
form  parameter  from  its  parent  value;  for 
example,  the (m'  variation  is  5.1%  below  and 
above  the  parent  value  of  7.80. 

Fig.  13  shows  that  if  efficiency  at 
top  speed  (30  knots)  is  a  paramount  con¬ 
sideration,  the  hull  should  be  more  slender 
(higher  ) .  At  22  knots,  Cg  is  the  dom¬ 
inant  paramcrer;  reducing  C„  to  .48  from 

D 

.52  reduces  power  requirements  at  22  knots 
by  14%.  At  15  knots,  only  CH  has  a  sig- 


TABLE  2 : _ LEADING  PARTICULARS  OF  PARAMETRIC  STUDY  VARIANTS 


CASE 

PARAMETRIC 

VARIATION 

® 

CB 

B/T 

CW 

L 

(ft) 

B 

(ft) 

T 

(ft) 

0 

Parent 

7.80 

.57 

3.28 

.80 

380.0 

43.79 

13.35 

1 

-<5® 

7.40 

.52 

3.28 

.80 

360,4 

44.96 

13.  71 

2 

+(® 

8.20 

.52 

3.28 

.80 

399.4 

42.71 

13.02 

3 

"6CB 

7.80 

.50 

3.28 

.80 

380,0 

44.65 

13.61 

4 

-26Cb 

7.80 

.48 

3.28 

.80 

380.0 

45.57 

13.89 

5 

+5Cg 

7.80 

.54 

3.28 

.80 

380.0 

42.97 

13.10 

6 

-6B/T 

7.80 

.52 

3.00 

.80 

380.0 

41.88 

13.96 

7 

+6B/T 

7.80 

.52 

3.56 

.80 

380.0 

45.62 

12.81 

8 

"26cw 

7.80 

.52 

3.28 

.74 

380.0 

43.79 

13.35 

9 

“5CW 

7.80 

.52 

3.28 

.77 

380.0 

43.79 

13.35 
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nificant  effect  on  resistance;  here,  the 
beneficial  effect  of  a  narrow  transom  is 
readily  apparent.  However,  at  30  knots 
high  Cy  (wide  transom)  is  advantageous.  At 

all  three  speeds,  resistance  increases 
slightly  with  increasing  B/T,  but  the  effect 
is  very  small. 

4 . 3  Seakeeping 

Measures  of  Seakeeping 

As  discussed  in  the  Introduction,  the 
seakeeping  factors  which  should  have  pri¬ 
mary  influence  on  frigate  hull  form  design 
are  vertical  accelerations,  deck  wetness 
and  slamming.  Consequently,  the  measures 
of  seakeeping  chosen  for  comparative  pur¬ 
poses  in  the  parametric  study  were: 

(1)  root  mean  square  vertical  accelerations 
at  .25L  (approximate  location  of  for¬ 
ward  end  of  the  bridge); 

(2)  root  mean  square  relative  bow  motions 
(RBM)  at  the  forward  perpendicular 
(for  two  ships  with  the  same  freeboard, 
the  ship  with  greater  RBM  will  have  a 
wetter  deck); 

(3)  most  probable  maximum  impact  pressure 
at  . 2L . 

Peak  impact  pressures  were  actually 
calculated  at  four  stations  along  the  fore¬ 
body  (from  .11  to  ,251),  but  for  the  pur¬ 
pose  of  making  comparisons  .2L  is  chosen 
because  in  rough  seas  this  is  typically  the 
forebodv  location  of  maximum  slamming  pres¬ 
sure.  Because  of  the  primary  importance  of 
slamming  as  a  seakeeping  measure,  some  de¬ 
tails  on  the  impact  pressure  calculations 
are  given  in  Appendix  A. 

For  each  ship,  predictions  of  short¬ 
term  statistics  in  unidirectional  head  seas 
were  made  from  the  computed  response  func¬ 
tions  using  the  quadratic  regression  spec¬ 
trum  of  Gospodnetic  and  Miles11*  to  define 
the  seaway.  Motions  were  computed  for  five 
significant  wave  heights:  8,  12,  16,  20  and 
24  feet.  Wave  period  was  varied  with  wave 
height  according  to  the  following  formula: 

Tw  =  7.73  +  .114  Hw 

where  Ty  is  energy-averaged  wave  period  in 
seconds  and  Hy  is  significant  wave  height 
in  feet. 

Particular  consideration  was  given  to 
the  significant  wave  height  of  12  feet, 
since  this  is  the  upper  limit  of  sea  state 
5,  which  often  figures  prominently  in  opera¬ 
tional  specifications.  For  Hy  =  12,  motions 

were  computed  for  5  wave  periods:  .  8Ty, 

.9Ty,  Ty ,  l.lTy,  1.2Ty,  WhCTC  Ty  a  9.1; 

these  motions  were  then  averaged  to  give 
the  presentative  motions  for  12  feet  signif¬ 
icant  wave  height. 

Motions  were  computed  for  the  speed 
range  8-26  knots.  Emphasis  was  placed  on 
15  and  22  knots,  as  these  represent  speeds 
at  which  frigates  may  spend  a  great  deal  of 


their  operational  time. 

Basis  of  Comparison 

Computed  results  for  two  warships  of 
frigate/destroyer  size  and  with  proven  sat¬ 
isfactory  performance  at  sea  were  used  to 
provide  the  datum  for  comparative  purposes. 
Leading  particulars  of  these  ships  are; 


Ship  designation 

F 

D 

A  (tons) 

2700 

4600 

L  (ft) 

356 

398 

B  (ft) 

42 

50 

§> 

7.80 

7.  31 

B/T 

3.2 

3.2 

CB 

0.48 

0.52 

CW 

0.75 

0.77 

Seakeeping  data  were  non-dimension- 
alized  using  the  appropriate  values  computed 
for  Ship  F  at  22  knots  in  seas  of  12  feet 
significant  wave  height. 

Seakeeping  Comparisons 

Fig.  14  presents  computed  data  compar¬ 
ing  the  seakeeping  performance  of  the  ships 
considered  in  the  study.  Fig.  14  applies 
Co  seas  of  12  feet  significant  wave  height, 
with  the  data  averaged  over  the  speed  range 
18  -  26  knots.  The  ordinates  are  vertical 
acceleration  at  the  bridge,  relative  bow 
motion,  and  impact  pressure  at  ,2L.  The 
abscissa  is  the  percentage  variation  in 
each  parameter  from  its  parent  value,  as 
in  Fig.  13.  It  should  be  noted  that  con¬ 
siderably  more  data  were  generated  and 
analyzed  during  the  study  than  are  presented 
herein.  Since  these  additional  data  show  the 
same  trends  as  Fig.  14,  they  have  been 
omitted  in  the  interests  of  brevity. 


Fig.  14  Motions  and  Impact  Pressures  in  12 
Ft.  Seas,  Averaged  over  18  -  26  Kt 
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The  seakeeping  measures  most  strongly 
affected  by  variations  in  hull  form  param¬ 
eters  are  impact  pressures  and  vertical 
accelerations,  especially  the  former.  Rel¬ 
ative  bow  moticns  are  affected  very  little 
by  the  parametric  variations.  However,  for 
almost  all  the  parametric  study  variants, 

RBM  are  lower  than  for  ships  F  and  D. 

The  benefit  of  low  C„  is  clearly  demon- 

D 

strated,  as  well  as  the  penalties  of  low  C„. 

w 

The  combination  of  low  Cg  and  high  C^, 

clearly  shows  to  advantage,  with  both  impact 
pressures  and  vertical  accelerations  signif¬ 
icantly  lower  than  ship  F.  The  reduction 
in  slamming  pressure  achieved  by  reducing 
Cg  is  due  mostly  to  the  attendant  increase 

in  deadrise  angles  on  the  forebody.  Al¬ 
though  variations  in  the  hull  parameters 
have  little  effect  on  relative  bow  motions. 
Fig.  14  shows  that,  even  with  the  same  free¬ 
board  as  ship  F,  ships  with  high  C„  wil] 
have  drier  decks. 

Within  practical  limits,  B/T  has  little 
effect.  However  slamming  pressures  are 
alleviated  somewhat  by  reducing  B/T  to  3.0. 
Increasing  (S) to  8.2  (lengthening  the  hull 
to  400  ft)  has  some  benefit  in  reducing 
vertical  accelerations,  but  affects  the 
other  seakeeping  measures  very  slightly. 
Hence,  from  a  seakeeping  point  of  view, 
there  is  little  justification  to  lengthen 
the  hull  beyond  the  parent  ship  value  of 
380  ft. 

Several  further  remarks  on  the  choice 
of  CH  are  in  order.  During  the  course  of 

the  study,  the  question  arose  as  to  the  rel¬ 
ative  importance  of  CHf.  and  CHA>  the  forward 

and  after  waterplane  coefficients,  respec¬ 
tively.  This  problen  was  studied  analyti¬ 
cally,  and  it  was  shown  that  for  good  sea¬ 
keeping,  Cyp  should  be  high  while  CyA  is  of 

lesser  Importance.  Subsequent  model  tests 
(see  Section  3.4)  confirmed  this  finding. 

4 . 4  Over-All  Assessment 

On  the  basis  of  the  parametric  study, 
the  following  observations  are  made  regard¬ 
ing  the  influence  of  hull  form  parameters 
on  frigate  seakeeping  and  resistance.  It 
is  emphasized  that  these  apply  strictly  to 
ships  of  the  frigate  type. 

(1)  Frigates  with  superior  seakeeping 
qualities  to  existing  classes  can  be 
designed  without  compromising  power 
requirements. 

(2)  Cw  is  a  key  seakeening  parameter. 

More  specifically,  a  "high  value  of  C^p 

is  required  to  achieve  superior  sea¬ 
keeping.  CWA  should  be  determined  by 

powering  and  arrangement  requiraments . 

(3)  A  low  value  of  Cn  is  very  beneficial 

D 

for  seakeeping.  Low  Cg  also  reduces 

power  requirements  at  intermediate 
speeds. 


(4)  Best  seakeeping  is  oL  lined  with  a 
hull  combining  high  Cwp  with  low  Cg. 

Such  a  hull  has  bow  sections  which  are 
very  fine  (V-form)  near  the  keel  and 
a  full  waterplane. 

(5)  Although  increases  In  length  will  al¬ 
ways  improve  seakeeping,  equivalent 
percentage  changes  in  C^,  and  Cg  have 

far  greater  effect.  The  choice  of 
(5) should  therefore  be  dictated  primar¬ 
ily  by  powering  and  arrangement  con¬ 
siderations. 

(6)  B/T  has  the  least  effect  of  all  the 
parameters  considered  on  both  seakeep¬ 
ing  and  powering.  Thus,  B/T  should  be 
chosen  primarily  on  the  basis  of  sta¬ 
bility.  Remember,  however,  that 
slamming  qualities  will  deteriorate 
somewhat  with  increases  in  B/T. 

4 . 5  Recommended  Hull  Form 

A  primary  objective  of  the  parametric 
study  was  to  develop  a  hull  form  which 
would  achieve  superior  seakeeping  qualities 
without  compromising  resistance.  This  hull 
form  may  be  viewed  as  the  hydrodynamicist 1 s 
recommendation  to  the  frigate  designer. 

The  process  of  deriving  this  hull  form  will 
now  be  described. 

The  performance  of  this  frigate,  hence¬ 
forth  called  ship  X,  will  then  be  compared 
to  three  warships  of  frigate/destroyer  size 
ail  of  which  enjoy  above  average  reputations 
for  seakeeping.  Two  of  these  are  the  ships 
F  and  D,  previously  introduced,  while  the 
third,  called  ship  FRS,  has  the  following 
leading  particulars: 

A  2880  tons 

L  360  ft 

B  41  ft 

Choice  of  the  hull  form  parameters 

for  ship  X  was  based  on  the  results  of  the 
foregoing  parametric  study.  Seakeeping 
considerations  favour  high  C^,  and  low  Cg, 

practical  upper  and  lower  limits  are  0^  = 

.8  and  C  =  .48.  Taking  B/T  =  3.0  alle- 
o 

viates  slamming  pressures  somewhat,  while 
lengthening  the  hull  within  reasonable 
limits  is  of  litlle  overall  seakeeping 
bene.  ’t.  Fortunately,  as  seen  in  Section 
4.2,  powering  considerations  also  favour 
Cg  =  .48  and  B/T  =  3.0,  although  not  as 

strongly  as  seakeeping.  Cy  requirements  are 
contradictory,  with  low  Cfc,  beneficial  at  15 
knots  and  high  C^,  beneficial  at  30  knots. 

It  was  assumed  that  a  length  of  380  feet 
met  powering  and  arrangement  requirements 
and  that  the  seakeeping  and  top  speed  re¬ 
sistance  benefits  of  high  C^,  outweighed  the 

resistance  penalty  in  the  vicinity  of  15 
knots.  Hence,  the  leading  particulars  of 
ship  X  were  chosen  as  follows: 
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Fig.  15  Example  Hull  vs.  Existing  Ships  - 
Resistance 


3300  tons 
380  ft 
4  3.6 
14.5 


The  lines  for  ship  X  were  developed 
from  ship  4  of  Table  2  (design  12  of  the 
NRC  Hull  Form  Series)  by  linear  adjustments 
in  beam  and  draft. 

Fig.  15  presents  resistance  predictions 
for  ships  F,  D  and  X.  (A  curve  for  ship 
FRN  is  not  shown  because  it  is  virtually 
coincident  with  the  curve  for  ship  F.) 

These  predictions  have  been  made  from  the 
NRC  series  using  the  computer  program  of 
Reference  18.  To  make  the  resistance  com¬ 
parisons  strictly  on  the  basis  of  hull  form, 
all  predictions  have  been  made  for  a  dis¬ 
placement  of  3300  tons,  with  the  principal 
dimensions  of  ships  F  and  D  scaled  accord¬ 
ingly.  Because  the  emphasis  is  on  compar¬ 
ison,  the  data  are  plotted  relative  to  the 
Cy  of  ship  X  at  30  knots. 

Fig.  15  shows  chat  hull  form  X  is 
generally  superior  to  D,  especially  at  high 
speed.  This  is  primarily  a  consequence  of 
the  differences  in(ff)(7.31  and  7.80  for 
ships  D  and  X,  respectively).  F  is  slightly 
better  than  X  at  patrol  speeds,  but  slightly 
inferior  at  high  speed.  This  is  a  direct 
consequence  of  the  choice  of  high  C^,  and 

associated  wide  transom,  for  ship  X,  As 
noted  in  Section  3.4,  this  patrol  speed  re¬ 
sistance  penalty  nay  be  reduced  by  narrowing 
the  transom,  without  incurring  an  appreciable 
seakeeping  penalty. 

Fig.  16  and  17  present  computed  accel¬ 
erations  and  impact  pressures  for  ships  X,  F, 
D  and  FRN  at  speeds  of  15  and  22  knots.  As 
in  Fig.  14,  the  plotted  data  are  non- 
dimensionallzed  using  computed  results  for 
ship  F  at  22  knots  in  12  ft  seas. 
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Fig.  16  Example  Hull  vs.  Existing  Ships, 
Accelerat ions 
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Fig.  17  Example  Hull  vs.  Existing  Ships, 
Impact  Pressures 

In  Fig.  16,  vertical  accelerations  at 
•25L  are  plotted  against  significant  wave 
height.  It  is  seen  that  a  noteworthy  reduc¬ 
tion  in  accelerations  has  been  achieved  in 
ship  X.  For  example,  at  22  knots  in  12  ft 
seas,  accelerations  are  20%  higher  for  ship 
F  than  for  ship  X. 

Fig.  17  compares  impact  pressures  over 
the  forward  quarter  of  the  hull  length.  At 
15  knots  data  are  presented  for  seas  of  sig¬ 
nificant  height  16  -  24  ft,  while  at  22 
knots  results  are  plotted  for  12  -  20  ft. 

The  superiority  of  ship  X  with  regard  to 
slamming  is  clearly  evident.  As  a  general 
rule,  in  seas  of  a  given  wave  height,  ship 
X  experiences  roughly  the  same  impact  pres¬ 
sures  on  the  forebody  as  the  other  ships 
experience  in  seas  4  ft  lower.  For  example, 
at  22  knots  the  H^  ■  16  impact  pressure 

curve  for  ship  X  is  roughly  similar  to  the 
Hw  “  12  curves  for  the  other  three  ships. 
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Since  slamming  has  been  consistently  identi¬ 
fied  by  frigate  operators  as  the  predominant 
speed-limiting  factor  in  rough  seas,  this 
improvement  in  slamming  characteristics  is 
of  special  significance. 

It  is  concluded  that  in  ship  X,  superior 
seakeeping  qualities  to  existing  frigate 
classes  are  achieved  without  unduly  compro¬ 
mising  resistance. 

5.  DESIGN  APPLICATION 

5. 1  Development  of  a  Frigate  Hull  Form 

The  parametric  study  described  in  Sec¬ 
tion  4  was  undertaken  in  order  to  privide 
hydrodynamic  guidance  for  a  frigate  design 
study,;  The  process  of  developing  a  hull 
form  for  this  design  study  will  now  be  de¬ 
scribed.  In  particular,  it  will  be  shown 
how  practical  design  considerations  force 
changes  from  the  hull  form  (such  as  that  of 
ship  X)  derived  primarily  on  the  basis  of 
seakeeping  and  resistance. 

At  the  beginning  of  this  project,  the 
following  information  was  available: 

(1)  results  of  the  parametric  study; 

(2)  resistance  data  for  twenty-two  models 
of  the  NRC  series; 

(3)  preliminary  seakeeping  data  for  several 
key  models  of  the  NRC  series. 

As  the  work  progressed,  further  model  sea¬ 
keeping  data  became  available  and  influenced 
the  design  process.  In  general,  these  data 
provided  experimental  verification  of  the 
trends  identified  in  the  parametric  study. 

The  choice  of  leading  particulars  and 
hull  form  coefficients  was  governed  by  the 
following  principles: 

(1)  Choose  length  and  beam  on  the  basis  of 
arrangement  and  powering  considerations. 

(2)  Choose  B/T  primarily  to  satisfy  sta¬ 
bility  requirements. 

(3)  Keep  low  for  both  low  resistance  and 
good  seakeeping. 

(4)  Keep  Cyp  high  for  best  seakeeping. 

(5)  Keep  bow  sections  very  fine  near  the 
keel . 

(6)  Choose  CyA  to  meet  arrangement  and 
powering  requirements. 

Given  these  ground  rules  plus  the  data 
available  from  the  model  tests  and  the  para¬ 
metric  study,  the  following  hull  form  co¬ 
efficients  were  chosen  to  start  body  plan 
development : 
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Fig.  18  Bow  Sections  -  First  Iteration 


Design  of  the  bow  sections  used  the 
bow  of  design  12  as  the  starting  point.  Fig. 
1.  It  was  considered  that  this  bow  had  two 
structurally  undesirable  features:  concave 
sections  near  the  stem  and  a  knuckle  too 
near  the  design  waterline.  These  were 
eliminated,  resulting  in  the  forebody  plan 
of  Fig.  18.  Subsequent  development  of  bow 
sections  in  the  design  process  was  based  cn 
Fig.  18. 

As  the  design  study  progressed,  oper¬ 
ational  requirements  became  better  defined 
and  necessitated  substantial  increases  in 
principal  dimensions  to  accommodate  changed 
payload  and  fuel.  In  particular,  upper  deck 
area  requirements  drove  length  and  beam  to 
approximately  400  and  48  ft,  respectively 
while  internal  volume  requirements  pushed 
C_  to  roughly  0.50  and  displacement  to  4300 

D 

tons.  Arrangement  requirements  also  gov¬ 
erned  the  final  choice  of  stern  configura¬ 
tion:  a  wide  transom  was  selected  because 
it  was  felt  chat  the  advantages  with  regard 
to  equipment  fitting  offset  the  patrol 
speed  resistance  penalty. 

Throughout  the  manipulations  of  hull 
form  which  accompanied  evolution  of  the 
design,  those  characteristics  of  Fig.  18 
with  primary  influence  on  seakeeping  were 
preserved.  In  particular,  careful  attention 
was  paid  to  deadrise  angles,  tow  fineness 
and  Cyp.  At  each  stage  in  the  development, 

seakeeping  assessments  were  made  to  ensure 
that  performance  levels  were  maintained. 

The  leading  particulars  for  the  final 
hull  form  of  the  design  study  are  listed 
below. 


B/T  -  3.28 

CB  =  0.48 

Cyp  as  for  series  design  12 

Initially,  two  stern  variants  were  consid¬ 
ered  : 

low  CyA  (narrow  transom)  as  for  design 


A  4300  tons 

L  404  ft 

B  48.5  ft 

T  15.3  ft 


0  7.61 


B/T  3.18 

CB  0.50 

Cy  0.79 


5 . 2  Evaluation  of  the  Final  Design 


high  C„,  (wide  transem)  as  for  design 

12.  WA 


The  design  developed  in  the  previous 
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s  FDES,  X  and  D  -  Resistance 


Fig.  20  Shi 


aluated  in  two  ways.  First, 
it  was  compared  with  designs  X  and  D  (intro¬ 
duced  in  Section  4  above)  using  data  inter¬ 
polated  from  the  SRC  series  for  resistance 
and  theoretical  predictions  for  seakeeping; 

1  was  made  and  tested,  and  the 
ed  with  two  designs  from  the 
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The  resistance  of  the  final  design, 
henceforth  called  ship  FDES,  was  estimated 
from  the  NRC  series  in  the  same  way  as  for 
design  X,  the  example  used  in  Section  4.5. 
Fig.  19  compares  the  estimated  resistance 
for  FDES  with  the  estimated  resistance  of 
design  X  and  ship  D,  both  scaled  to  4300 
tons  displacement.  The  ordinate  is  scaled 
relative  to  the  Cy  of  ship  X  at  30  knots. 

FDES  is  not  as  good  as  design  X,  although 
generally  better  than  D.  The  difference 
between  FDES  and  X  may  be  attributed  to  the 
lower 'M; of  FDES,  7.6  compared  with  7.8  for 
design  X,  and  the  increased  C^,  0.50  compared 

with  0.48. 

Following  the  example  given  in  the  pre¬ 
vious  section,  the  seakeeping  performance 
was  assessed  by  comparing  predictions  of 
acceleration  at  0.25L  and  impact  pressures 
over  the  forward  quarter  of  the  hull  length 
for  speeds  15  and  22  knots.  In  making  the 
seakeeping  comparisons,  the  displacements 
of  design  X  and  ship  D  have  been  maintained 
at  their  original  values  (3300  and  4600  tons 
respectively).  This  enables  seakeeping 
comparison  of  the  final  design  with  the 
ships  of  the  parametric  study.  As  in  Section 
4,  seakeeping  data  are  non-dimensionalized 
using  values  computed  for  Ship  F  at  22  knots 
in  seas  of  12  ft  significant  wave  height. 

Fig.  20  shows  that  FDES  is  expected  to 
have  virtually  identical  vertical  accelera¬ 
tions  to  design  X.  The  computed  impact 
pressures,  Fig.  21,  show  a  significant  im¬ 
provement  over  ship  D  for  the  whole  range 
of  speeds  and  wave  heights  investigated. 

Thus,  despite  the  influence  of  operational 
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Fig.  21  Ships  FDES  X  and  D  -  Impact  Pressures 


requirements  on  the  final  design, the  choice 
of  deadrise  angles  and  waterplane  character¬ 
istics  in  the  forebody  have  still  resulted 
in  a  hull  form  which  may  be  expected  to  have 
superior  overall  seakeeping  performance. 

Model  Test  Results 

A  1:25  scale  model,  L  =  16.177  ft,  was 
made  to  the  final  lines.  Resistance  and 
serkeeping  experiments  were  carried  out 
with  the  model,  designated  316,  at  HR*'  using 
identical  techniques  to  those  used  for  the 
hull  form  series,  (Section  3). 

The  results  of  the  resistance  tests 
are  shown  in  Fig.  22, in  comparison  with 
data  for  designs  6  and  12  from  the  series. 
Design  6  is  used  for  comparative  purposes 
because  it  is  the  parent  form,  while  design 
12  is  chosen  because  it  is  the  best  seakeep¬ 
ing  form  tested  to  date.  The  comparisons 
are  made  on  the  basis  of  a  displacement  of 
4300  tons,  and  the  data  are  scaled  relative 
to  the  Cy  of  the  design  6  at  30  knots.  As 

for  the  other  comparisons  of  resistance  in 
this  paper,  ship  predictions  have  been  made 
for  the  naked  hulls  using  the  1957  ITTC  line 
with  no  additional  correlation  allowance. 
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Fig.  22  Models  316,  5  and  12  -  Resistance 


Up  to  about  24  knots,  the  results  for 
Model  316  fall  roughly  where  they  were  ex¬ 
pected,  close  to  design  12.  Design  6  has 
a  lower  resistance  cv«‘r  the  whole  speed 
range  under  consideration  due  to  its  higher 
M) ,  lower  Cg  and  narrow  transom.  On  the 

other  hand,  design  12,  with  the  extreme  ’V* 
bow  and  wide  transom  has  generally  higher 
resistance  than  Model  316,  except  at  speeds 
over  24  knots,  where  the  wide  transom  adds 
to  the  beneficial  effects  of  higher  m)  and 
lower  Cg. 

Fig.  23  and  24  present  comparisons  of 
accelerations  and  impact  pressures  between 
Model  316  and  designs  6  and  12,  The  pre¬ 
dictions  are  for  4300  tons  displacement  and 
in  each  case  are  based  on  model  test  results. 
Since  the  model  test  program  did  not  include 
the  measurement  of  impact  pressure,  these 
data  were  calculated  from  the  measured 
motions  using  the  method  outlined  in  Appen¬ 
dix  A.  The  data  are  non-dimensionalized 
using  values  predicted  for  design  6  at  22 
knots  in  seas  of  12  ft  significant  wave 
height . 
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Fig.  24  Models  316,  6  and  12  -  Impact 
Pressures 


The  accelerations  for  Model  316  are  a 
little  disappointing,  being  almost  identical 
to  design  6  and  not  approaching  the  superior 
performance  of  design  12.  In  this  case  the 
shorter  length  cf  Model  316  (404  ft  compared 
to  421  ft  for  designs  6  and  12)  and  the 
increased  Cg  (from  0.48  to  0.50)  are  primar¬ 
ily  responsible.  A  comparison  of  the  same 
three  designs  for  the  same  length  (differing 
displacements)  puts  316  between  6  and  12. 

As  had  been  expected  from  the  analyti¬ 
cal  comparison.  Fig.  21  above,  the  impact 
pressures  are  much  more  encouraging.  Fig. 

24  indicates  that  despite  the  slightly  higher 
motions,  the  performance  of  316  in  this 
critical  area  is  generally  slightly  better 
than  design  12  and  substantially  superior 
to  design  6. 

6.  COSCLUSIOSr 

(3 )  Important  improvements  in  the  seakeep- 
ing  qualities  of  frigates  may  be 
achieved  by  the  selection  of  appropriate 
hull  design  parameters. 

(2)  The  development  of  a  hull  form  with 
superior  seakeeping  may  require  a  com¬ 
promise  with  resistance  characteristics 
in  calm  water.  For  seakeeping,  the 
design  of  the  forebody  is  more  critical 
than  the  aft-body  and  major  changes  in 
aft-bodv  may  be  made  to  improve  calm 
water  performance  with  little  effect 

on  seakeeping. 

(3)  The  NRC  Hull  Form  Series  for  Fast  Sur¬ 
face  Ships  provides  a  valuable  data 
base  for  making  seakeeping  and  resist¬ 
ance  trade-offs  in  frigate  hull  form 
design. 

(4)  A  method  of  hill  design  combining 
analytical  studies,  analysis  of  the 
results  of  methodical  series  for  both 


Fig.  23  Models  316,  6  and  12  -  Accelerations 
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seakeeping  and  resistance,  and  inter¬ 
pretation  of  test  results  with  models 
of  specific  designs  enables  evaluation 
of  designs  to  be  made  more  quickly  and 
with  more  confidence  than  by  use  of 
any  of  these  approaches  alone. 
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appendix  a 


IMPACT  PRESSURE  CALCULATION 


The  calculation  of  impact  pressures  is 
oased  on  the  statistical  fornulation  of  Ochi 
and  Hotter*  .  The  probable  aaxiauo  slamming 
pressure  at  a  given  hull  section  in  h  hours 
of  ship  operation  tine  is  given  by*5 


PkoR*J„{3600hoRV/(2eoB„)e*p(-.5Ti/t 


>: 


RM'— *-'  -  — *  ' " RM 

where  0RJ<  and  oRy  are  ras  relative  motion 
and  velocity,  respectively,  T  is  draft  and 

*  *S  t  5°rn  f3ctor*  k  ^  evaluated  using 
the  method  proposed  by  Conolly*1:  the  hull 
section  is  regarded  as  a  truncated  wedge 
with  deadrise  angle  6,  as  defined  in  Fig.  25, 
ana  k  is  calculated  usinp  pyp^r  4^.  - 

on  slamming  of  wedge-shaped  bodies22 
Specifically,  the  following  empirical  ex¬ 
pression  is  used  in  this  paper: 

k  "  1  +  Cl  "  exp(-5B)J(.5scotSl* 


ical 

this 


Equivalent  deadrise  angles  for  a  tvp- 
V-bov  frigate  are  shown  in  Fig.  25. 
ante  that  for  the  results  presented  in 
paper,  h  =  1. 


Fig.  25  Equivalent  Deadrise  Angles 


Discussion 


N.K.  Bales  (Dihsma 

Mr.Schaitke  and  Kr.JIurdey  describe  a  frigate 
hull  design  process  which  eff  ctiwely  uti¬ 
lizes  state-of-the-art  technologies  in  the 
areas  of  seakeeping  and  calm-water  resist¬ 
ance.  My  own  work  attempting  to  relate 
hull  geometry  to  seakeeping  and  thence  to 
synthesize  seakeeping  optimum  hull  geomet¬ 
ries  s‘®»  though  exclusively  analytical,  is 
predicated  upon  broadly  similar  reasoning; 
and  leads  to  similar  results.  There  are, 
however,  significant  differences.  I  con¬ 
sider  a  larger  set  of  potentially  limiting 
responses,  and  take  them  to  be  equally  im¬ 
portant.  My  rationale  for  restricting  the 
trend  identification  process  to  long-crest¬ 
ed,  head  seas  is  very  different;  and  re¬ 
quires  subsequent  validation  in  short- 
crested  seas  and  at  oblique  relative  head¬ 
ings.  I  take  the  viewpoint  that  good  sea¬ 
keeping  should  accrue  as  a  result  of  quali¬ 
tatively  similar  hull  configurations  for 
all  classes  of  displacement  isonohulls,  and 
base  much  of  ay  work  for  destroyer-type 
hulls  on  earlier  results  for  dry  cargo 
ship  hulls.  Finally,  1  relate  seakeeping 
to  a  different  set  of  hull  parameters. 

The  last  difference  cited  appears  most 
important  for  a  formal  discussion.  In  con¬ 
cluding  their  description  of  the  HRC  Series, 
Kr.Schmitke  and  Mr .Kurd ey  observe  that,  in 
the  course  of  standard  series  hull  form 
changes,  parameters  other  than  those  ex¬ 
plicitly  varied  are  also  modified;  and 
that  these  incidental  modifications  may  in¬ 
fluence  the  results  obtained.  This  is,  in 
fact,  probably  the  greatest  danger  associ¬ 
ated  with  standard  series  techniques.  If 
the  incidents liy-acdified  parameters  happen 
to  be  those  which  govern  the  output  of  the 
series,  direct  interpolations  can  lead  to 
erroneous  design  decisions. 

For  a  hull  of  given  size,  analytical 
procedures  indicate  that  vertical-plane 
seakeeping  responses  cure  essentially  gov¬ 
erned  by  the  distributions  of  beam,  draft, 
and  sectional  fullness  over  the  length  of 
the  hull.  The  conventional,  naval  archi¬ 
tectural  parameters  which  I  think  provide 
a  minimal  description  of  these  distribu¬ 
tions  are  the  waterplane  coefficients 
forward  and  aft  of  amidships,  Ckf  and  Cka? 
the  draft-to-length  ratio,  T/L;  the  ratio 
of  the  distance  between  the  forward  per¬ 
pendicular  and  the  cut-up  point  to  length, 
c/L;  and  the  vertical  prisaatic  coeffi¬ 
cients  forward  and  aft  of  amidships,  Cypp 
and  Cyp^.  In  my  work  on  destroyer-type 
hulls,  construed  to  include  frigates,  these 
parameters  are  related  to  seakeeping  as 

R  =8.442  +  45.104  C^p  10.078  CjfA 

-  378.465  (T/L)  +  1.273  (c/L) 

-  23-501  Cypp  -  15-875  Cyp^ 


where  R  is  an  estimator  of  seakeeping  rank 
which  varies  from  the  order  of  1-0  for 
hulls  with  very  poor  seakeeping  qualities 
to  the  order  of  10-0  for  hulls  with  ex¬ 
cellent  seakeeping  qualities. 

An  indication  of  the  validity  of  the 
estimator  can  be  obtained  using  the  results 
of  the  HIS  Series.  Frem  Figure  1#  it  ap¬ 
pears  that  the  applicable  fora  coefficients 
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follows: 
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0.68 

0*92 

0.72 
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As  I  understand  the  design  of  the  series, 
these  coefficients  should  be  fixed  for  the 
associated  columns  in  Table  1.  Further, 
c/L  appears,  again  from  Figure  1  and  the 
series  description,  to  be  fixed  at  about 
0.6  for  all  of  the  designs-  Finally,  a 
value  of  T/L  for  each  design  can  be  com¬ 
puted  from  L2/BT  art  B/T  as  used  to  define 
the  series.  Kith  these  definitions,  sea- 
keeping  rank  can  be  estimated  for  am  design 
in  the  series-  For  instance,  it  equals  6.1 
for  the  “parent"  Design  6. 

In  Reference  16.  Mr.Murdey  gives  per¬ 
centage  changes  with  respect  to  the  parent 
in  pitch  and  heave  both  as  measured  and  as 
computed  for  a  critical  combination  of  oper¬ 
ating  conditions.  The  following  figure  ex¬ 
hibits  the  correlation  between  the  differ¬ 
ences  reported  in  Reference  16  and  those 
computed  from  the  estimator  given  above . 

It  is  as  would  be  expected  for  a  valid  bat 
primitive  and  rather  generalized  estimator 
applied  to  particular  conditions.  There  is 
considerable  scatter  at  midrange,  bat  the 
response  extremes  are  indicated  with  rea¬ 
sonable  accuracy. 

The  HRC  Series  has  overall  waterplane 
coefficient  as  a  defining  parameter.  Over¬ 
all  block  coefficient  is  als>  used,  and  the 
discussion  implies  that  this  parameter  is 
considered  an  adequate  measure  of  sectional 
fullness.  Draft  and  length  are  used  in 
defining  the  series  but  are  always  explic¬ 
itly  related  to  beam.  The  authors  comment 
on  the  relevance  of  forebody  versus  after¬ 
body  parameters,  but  never  make  them  ex¬ 
plicit  and  do  not  make  a  distinction  between 
then  in  defining  the  series.  I  would  sug¬ 
gest  that  they  make  the  forebody/af terhsdy 
distribution  of  form  coefficients  an  inte¬ 
gral  element  of  the  series  definition,  and 
that  they  consider  the  possibility  of  us¬ 
ing  the  parameters  in  the  estimator  cited 
above. 

The  following  table  recasts  Table  1 
using  the  parameters  of  the  estimator  to 
order  the  series  designs.  The  niKbers 
given  parenthetically  after  each  design 
number  are  the  average  of  the  percentage 
changes  in  pitch  and  heave  free  Reference 
16  and  minus  the  estimated  rank  difference 


Designs  in  Order  of  Average  Change  frtn  Reference  16 


f 
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for  that  design  with  respect  to  the.  parent 
design.  In  this  form,  the  averages  of  the 
hull-to-hull  differences  in  pitch  and  heave 
show  moderate  coherency.  The  estimator 
results  indicate  that  the  poorest  seakeep¬ 
ing  hulls  in  the  series  (lower  right  in  the 
table)  have  been  tested,  but  that  those 
with  the  best  seakeeping  (upper  left  in  the 
table)  have  not.  With  respect  to  the  de¬ 
signs  estimated  to  have  extreme  seakeeping 
qualities,  it  should,  however,  be  pointed 
out  that  both  T/L  =  0.028  and  T/J,  =  0.045 
are  outside  the  strict  range  of  the  rank 
estimation  equation.  It  will  obviously  be 
of  considerable  relevance  to  determine 
whether  or  not  Designs  12  and  7,  24  and  19, 
et  al.,  have  similar  seakeepting  character¬ 
istics. 

Quite  aside  from  the  foregoing  dif¬ 
ferences  of  opinion  as  to  the  hydrodynamic 
basis  of  good  seakeeping,  one  must  inquire 
as  to  the  success  of  the  final  product. 

In  the  case  of  Design  FDES,  it  appears  that 
Mr.Schmitke  and  Mr.Murdey  have  negotiated 
the  treacherous  waters  of  design  tradeoffs 
with  minimal  compromise  of  their  hydro- 
dynamic  principles.  Tne  level  of  detail 
provided  regarding  the  design  is  inadequate 
for  a  rigorous  assessment,  but  from  the 
description  provided,  my  perception  is  that 
Design  FDES  probably  has  an  estimated  sea¬ 
keeping  rank  on  the  order  of  ten.  Such 
being  the  case,  it  will  be,  ton-for-ton, 
among  the  best  seakeeping  hulls  afloat. 

I  wish  that  I  could  say  that  I  had  done 
as  well  with  my  own  efforts  to  support  the 
hull  design  process. 


Correlation  between  NRC  series 
results  and  rank  estimator 


The  NRC  series  ordered  by  estimator  parameters 
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*  Value  Hot  Available 


C.M.  L ee(DTNSRDC) 


The  subject  treated  in  this  paper  is 
one  of  the  eventual  goals  of  naval  ship 
designers  and  opens  a  new  challenging  ave¬ 
nue  for  ship  hydrodynamicists. 

With  a  short  duration  of  my  experience 
in  the  parametric  studies  for  the  seakeeping 
hull  designs  for  conventional  catamarans,  I 
can  fully  appreciate  the  extent  of  endeavors 
involved  in  studies  such  as  thos.-  presented 
here.  Contrary  to  ones  investment  of  a 
great  deal  of  time  and  effort,  a  subject 
like  this  would  always  induce  differing 
opinions  from  the  people  who  are  also  en¬ 
gaged  in  similar  work.  One  of  the  major 
arguing  points  would  be  how  one  should  de¬ 
fine  the  seakeeping  qualities  and  predict 
these  qualities.  For  example,  should  the 
severity  of  slamming  be  represented  by  a 
point  pressure  or  the  integrated  pressures 
over  a  certain  unit  area  of  the  hull  ? 

Or,  even  a  question  such  as  "Is  the  peak 
intensity  of  the  slamming  pressure  during 
unit  time  of  operation  more  important  than 
the  frequency  of  occurrence  of  the  slamming 
with  the  lesser  intensity  in  the  peak  pres¬ 
sure  ?"  could  be  agrued  on.  Again,  even 
for  the  slamming  alone,  the  criterion  can 
depend  upon  whether  the  local  impact  or  the 
broad  impact  causing  the  hull  girder  vibra¬ 
tion  should  be  our  major  concern. 

As  described  briefly  above,  unless  we 
narrow  down  the  criteria  involved  in  sea¬ 
keeping  to  a  manageable  level  (may  be  an 
impossible  task) ,  the  t-ade-offs  between 
the  seakeeping  and  resistance  could  remain 
a  formidable  task  to  accomplish.  However, 
a  paper  such  as  this  seems  to  me  very  en¬ 
couraging  since  it  provides  not  only  valu¬ 
able  guidelines  for  the  future  investiga¬ 
tions  in  similar  nature  of  works  but  also 
amplifies  the  necessity  for  changing  the 
traditional  design  concept  of  "the  resis¬ 
tance  first  and  the  seakeeping  later." 

I  would  like  to  congratulate  the  au¬ 
thors  for  the  pioneering  and  inspiring  work 
they  have  accomplished. 


E.V.  Lewis  (Consultant) 


This  paper  is  significant,  not  only 
for  providing  useful  guidance  for  the  de¬ 
sign  of  frigates  with  good  seakeeping  per¬ 
formance,  but  for  developing  a  systematic 
way  to  show  graphically  the  effect  of  im¬ 
portant  hull  parameters  on  performance. 

The  paper  stresses  the  importance  of  length 
as  a  seakeeping  parameter  and  gives  par¬ 
ticular  attention  to  the  problem  of  isolat¬ 
ing  it  from  other  parameters.  The  authors 
favor  the  slenderness  parameter  LJ/BT  as 
a  basis  for  plotting,  since  it  does  not 
involve  Cg.  This  parameter  has  merits, 
and  in  Fig. 7  trends  of  length  are  easily 
shown.  But  since  both  A  and  Cg  are  held 
constant,  the  figure  could  just  as  well 
have  been  plotted  against®.  Furthermore, 


Fig. 9,  which  f imports  to  show  the  effect 
of  Cg  alone  must  involve  a  change  in  length, 
along  with  other  dimensions  ,  as  well,  to 
hold  A  constant.  (Fig.  14  makes  use  of® 
instead  of  t2/BT.) 

This  writer  long  ago  recommended  the 
use  of  L/Vi/3  as  a  parameter*,  since  in  de¬ 
sign  one  is  concerned  mainly  with  ships  of 
different  lengths  to  meet  the  same  require¬ 
ments,  and  hence  to  have  the  same  (approx.) 
displacement.  Another  consideration  in 
that  earlier  work,  not  considered  in  this 
paper,  was  the  influence  of  natural  periods 
of  pitch  and  heave  on  performance.  It  was 
shown*  that  the  generally  favorable  effect 
of  length,  as  reported  here,  is  the  result 
of  the  influence  of  length  on  pitching 
period  —  provided  the  ship  is  in  the  sub- 
critical  range  of  operation. 

The  paper  also  stresses  the  favorable 
effect  of  increasing  on  motions.  Again 
—  as  pointed  out  in  my  earlier  work* — this 
advantage  (greater  damping)  can  be  related 
to  its  favorable  effect  on  natural  periods. 
Hence,  it  would  be  of  interest  to  make  a 
supplementary  study  of  the  natural  periods 
of  all  models  tested.  If  for  any  reason 
it  is  difficult  to  determine  these  values 
experimentally,  then  they  can  be  estab¬ 
lished  by  plotting  motion  amplitudes  vs. 
speed  with  constant  wave  length  (and 
height)  and  noting  the  encounter  frequency- 
corresponding  to  the  peak  response. 

The  theoretical  parametric  study, 
showing  results  for  irregular  seas,  is 
interesting  in  that  it  leads  to  similar 
conclusions  as  the  model  tests.  But  again 
no  consideration  is  given  to  the  effect 
of  natural  frequencies,  and  it  would  be 
of  interest  to  plot  the  sea  spectrum  and 
the  RAO's  on  a  frequency  base  for  a  number 
of  cases  as  a  means  of  clarifying  and  ex¬ 
plaining  the  trends  shown,  for  example, 
in  Fig. 14. 

The  summary  under  "Over-All  Assess¬ 
ment"  (p.467)  seems  to  be  an  excellent 
guide  for  frigate  designers.  Exception 
might  be  taken  only  to  the  statement  under 
(5)  that  the  choice  of ®  "should  ..-.be  dic¬ 
tated  primarily  by  powering  and  arrange¬ 
ment  considerations",  since  it  follows  an 
admission  that  "increases  in  length  will 
always  improve  seakeeping".  The  only 
obvious  reason  for  caution  —  from  the  sea¬ 
keeping  viewpoint  —  in  increasing  length 
seems  to  be  to  avoid  reducing  draft  to  the 
point  that  bow  emergence  and  slamming  become 
serious.  Fig. 14  shows  an  increase  in  bow 
pressures  with  increase  in  B/T,  and  hence 
reduction  in  draft,  but  not  with  reduction 
in  ®  ** 


*  E.V. Lewis,  "Ship  Speeds  in  Irregular  Seas" 
Trans.  SNAME, (1955) 

**Hamlin  and  Compton,  "Evaluating  the  Sea¬ 
keeping  Performance  of  Destroyer-type 
Ships  in  the  North  Atlantic", Marine  Tech¬ 
nology, Jan.  (1970) 


In  conclusion,  this  is  a  valuable 
paper  that  deserves  a  great  deal  of  careful 
study.  It  may  well  be  that  the  results 
have  greater  generality  than  the  authors 
suggest. 


8,  Johnson  (u  ?  Naval  Academy) 

May  I  add  my  congratulations  to  the 
authors  on  their  very  excellent  paper. 

Such  efforts  are  very  important  to  ship 
designers  who  are  faced  with  maintaining 
mission  effectiveness  (good  seakeeping 
qualities)  while  attempting  to  improve  fuel 
efficiency,  especially  at  cruising  speeds. 

The  section  which  reviews  the  sources 
of  information  is  a  good  "state-of-the-art" 
summary.  What  the  overall  assessment  sec¬ 
tion  points  out,  however,  is  that  some  of 
the  most  important  parameters  such  as  Cwf 
and  Cyfa  are  frequently  not  tabulated  in 
comparative  seakeeping  studies,  including 
this  one.  K. Sales  of  DTNSRDC  has  suggested 
that  Cvpf  and  CvpA  are  also  significant  for 
good  seakeeping  performance  along  with  the 
after  cut  up  ratio  C/L.  I  would  like  to 
request  that  the  authors  supply  an  addition¬ 
al  table  which  lists  these  important  para¬ 
meters  for  each  hull  form. 


G.  Bellone  (Carmen  Na  van  Rlumti) 


As  we  had  available  Dr . Schmitke ' s 
seakeeping  calculation  program,  particular¬ 
ly  fit  for  slender,  high  speed  vessels,  and 
frigates  are  our  company's  main  production, 
we  have  carried  out  a  systematic  analysis 
similar  to  the  one  which  has  been  described 
by  the  author.  Here  I  want  to  show  some  of 
the  results  we  obtained,  most  of  which  are 
in  good  agreement  with  those  obtained  by 
Dr.  Schmitke.  We  checked  the  parameters  in¬ 
dicated  in  Table  1,  together  with  the  range 
of  their  variation.  The  study  has  been 
divided  into  2  phases,  of  which  only  the 
first  (regarding  Cwl  ,  Cg,  L/A1/3  )  has 
been  so  far  completed.  In  Tables  2,  3  and 
4  indications  about  the  basic  form  huil, 
which  has  generated  all  the  others,  the 
sea  state  representation  employed  in  the 
computation,  and  the  criteria  which  have 
allowed  the  formulation  of  an  "effective¬ 
ness  index"  for  the  different  examined 
solutions,  are  reported. 

For  the  different  sea  states,  the 
above  said  criteria,  have  led  to  the  quan¬ 
tification  of  a  "maximum  sustainable  speed" 
which  has  been  considered  as  the  index  re¬ 
presentative  of  the  good  seakeeping  behav¬ 
iour  of  the  different  hulls  checked.  In 
Table  5  these  speeds  are  shown  for  sea 
state  6  (for  sea  state  5  similar  trends 
have  been  observed,  while  for  lower  sea 
states  no  limitations  to  maximum  speed 
were  found) . 

As  regards  the  conclusions  that  can 
be  drawn  from  this  study,  only  two  points 


differ  from  the  observations  made  by  the 
author: 

(a)  Vertical  accelerations  at  bow 
seem  to  us  strongly  affect  the  seakeeping 
behaviour  of  a  ship  and  create  the  neces¬ 
sity  of  a  speed  reduction  before  the  prob¬ 
ability  of  slamming  gets  its  upper  limit. 

(b)  The  variations  of  parameters  Cg 
and  L/A1/3  ,  according  to  our  computations, 
have  nearly  the  same  effect  on  seakeeping. 
(The  author, on  the  contrary  says  that 
equivalent  percentage  change  in  Cg  has  far 
greater  effect) . 

Therefore  the  questions  are  the  following: 

(1)  Is  it  possible  that  these  dif¬ 
ferences  are  due  to  the  fact  that  we  have 
chosen  the  probability  of  slamming  at  bow 
as  a  restrictive  criterion,  instead  of 
the  intensity  of  the  slamming  impact  pres¬ 
sure  ? 

(2)  We  would  extend  our  parametric 
study  to  the  longitudinal  distribution  of 
weights  on  board  (pitch  gyration  radius 
Kyy),  but  the  author,  in  this  and  previous 
papers  states  that  the  influence  of  this 
parameter  is  negligible.  Could  he  explain 
more  in  detail  what  led  him  to  this  con¬ 
viction  ?  To  my  opinion,  based  only  on 

an  impression,  it  should  be  a  rather  im¬ 
portant  element. 


Author’s  Reply 


R.T.  Schmitke  (ORE Aland  D.C.  Murdey  (NRC) 

We  thank  Mr .Bales  for  his  discussion, 
which  is  based  on  his  own  extensive  work  on 
this  subject. 

We  agree  with  him  that  it  would  be 
desirable  to  include  more  parameters  in  the 
series.  However,  we  have  already  included 
four  parameters,  plus  bow  and  stern  inter¬ 
changes,  and  this  makes  a  total  of  ninety- 
six  models.  To  include  more  parameters, 
although  desirable,  is  quite  impractical. 

We  would  like  to  add  that  before  em¬ 
barking  on  the  series,  we  performed  a  com¬ 
prehensive  analytical  study  of  seakeeping 
to  provide  guidance  for  experiment  design. 

In  this  study,  we  investigated  approximate¬ 
ly  twelve  hull  form  parameters,  of  which 
the  most  important  turned  out  to  be  L 2 /BT , 
B/T  and  Cyj,  Cg  (or  Cp)  was  found  to  be  of 
secondary  seakeeping  importance,  but  was 
included  in  the  series  from  resistance  con¬ 
siderations. 

Mr. Bales  mentions  the  possibility  that 
direct  interpolation  of  the  series  data  may 
be  misleading.  In  this  context,  we  are 
happy  to  report  that  for  model  316,  the 
series  interpolation  agrees  very  well  indeed 
with  the  model  test  data,  for  both  resist¬ 
ance  and  seakeeping.  We  had  intended  orig¬ 
inally  to  include  these  comparisons  in  the 
paper,  but  space  was  insufficient. 

We  agree  that  C^f  and  Cvpf  are  impor- 
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tant  seakeeping  parameters.  In  fact,  we 
have  specifically  said  so  for  C™.  As  re¬ 
gards  CypFf  our  statement  that  '’best  sea¬ 
keeping  is  obtained  with  a  hull  combining 
high  Cjy-p  with  low  Cb"  amounts  to  much  the 
same  thing  as  "keep  CVP:,  low'  .  This  is 
roughly  the  same  messag'e  as  one  obtains 
from  Hr. Bales's  work. 

With  regard  to  Mr.Bales's  table,  we 
are  happy  to  say  that  testing  of  the  models 
with  B/T=5.2  is  in  hand.  However,  we  do 
not  have  the  same  expectations  as  Mr.  Bales 
with  regard  to  the  seakeeping  perrormance 
of  these  models.  While  the  trend  of  in¬ 
creasing  B/T  is  to  reduce  motions  and 
accelerations,  it  is  to  increase  slamming 
pressure.  In  our  view,  the  latter  will 
outweigh  the  former.  However,  time  will 
tell. 

Finally,  we  reiterate  our  gratitude 
to  Mr .Bales  for  his  comments  and  note  that 
although  our  path  is  somewhat  different 
from  his  in  arrii  .ng  at  a  final  hull  form, 
we  achieve  very  similar  results. 

We  thank  Dr. Lee  for  his  kind  words. 

As  he  points  out,  the  selection  of  sea¬ 
keeping  criteria  is  not  a  simple  task  and, 
for  particular  applications,  may  result  in 
a  rather  more  extensive  :et  than  we  have 
used  in  the  paper.  However,  we  emphasize 
that  in  frigate  hull  form  design,  the 
designer  should,  at  a  minimum,  address 
slamming,  deck  wetness  and  vertical  accel¬ 
erations. 

Slamming  may  be  treated  in  several 
ways,  but  it  is  our  firm  opinion  that 
slamming  severity  must  be  included.  In  the 
paper,  we  have  used  most  probable  maximum 
slamming  pressure,  but  on  other  occasions 
we  have  used  slamming  force.  The  latter 
is  probably  more  satisfying  intuitively. 
However,  it  is  our  experience  in  frigate 
studies  that  either  criterion  will  push 
the  ship  designer  in  the  same  direction, 
that  is  to  V-bows  with  full  waterplanes 
forward . 


We  agree  with  Prof.  Lewis  that  in  Fig. 
7  L*/BT  may  be  replaced  by©.  However, 
similar  data  will  be  available  for  a  dif¬ 
ferent  value  of  Cg,  and  in  analysing  the 
series  as  a  whole  L2/BT  is  preferred. 

As  mentioned  in  the  paper,  the  change 
of  Cg  shown  in  Fig. 9  does  irvolve  a  change 
of  length  from  394  to  383  ft.  This  change 
was  shown  to  have  little  effect  on  the 
motions  nor  on  the  derived  trends  with  Cg. 

The  importance  of  natural  periods  of 
pitch  and  heave  is  recognised.  However, 
in  this  paper  the  authors  did  not  take  them 
into  account  directly,  since  they  are  dif¬ 
ficult  to  estimate  at  the  early  design 
stages.  It  is  believed  that  changes  in  the 
parameters  selected  imply  changes  in  the 
natural  periods.  Furthermore,  natural 
periods  are  greatly  affected  by  weight 
distribution,  which  is  not,  within  practi¬ 
cal  limits,  dependent  on  hull  form. 


The  effects  of  varying  the  wave  period 
in  relation  to  the  RAO's  have  been  studied, 
and  the  trends  of  performance  found  to  be 
similar  over  relevant  ranges  of  ship  length 
and  wave  period.  For  this  reason  simple 
averages  over  wave  period  were  used  in  the 
analysis. 

The  conclusion  that  length  should  be 
selected  primarily  in  the  basis  of  calm 
water  performance  objectives  rather  than 
seakeeping  was  made  directly  from  the 
analyses  described  in  the  paper,  as  shown 
for  example,  in  Figures  13  and  14.  We 
agree  with  Prof .Lewis  that  major  increases 
in  ©will,  at  constant  displacement,  lead 
to  shallow  draft  for  which  bow  emergence 
may  offset  the  benefit  of  smaller  “otions, 
but  this  does  not  occur  for  the  changes  of 
length  considered  in  this  paper. 


Prof .Johnson  asks  for  more  data  de¬ 
fining  the  hull  forms.  This  paper  is  in¬ 
tended  to  give  an  outline  of  a  particular 
approach  to  providing  design,  data  on  sea¬ 
keeping,  and  the  data  relevant  to  this 
approach  are  given.  Other  approaches  will 
require  different  data,  Cypp  and  Cyp^  used 
by  Mr. Bales  being  but  two  examples,  and  it 
was  not  possible  in  this  paper  to  give  all 
the  possibly  useful  numerical  data.  How¬ 
ever  he  body  plans,  Fig.l,  are  given,  and 
thest,  may  be  used  to  derive  other  coeffi¬ 
cients,  as  has  been  done  by  Mr. Bales  in  his 
contribution. 


We  thank  Mr.Beilone  for  presenting 
results  of  related  studies  which  he  and  n  s 
colleagues  have  recently  performed.  With 
regard  to  his  query  regarding  seakeeping 
criteria,  it  is  our  opinion  that  his  slam¬ 
ming  criterion  is  not  sufficiently  strin¬ 
gent  whereas  the  opposite  is  true  of  his 
vertical  acceleration  criterion.  For  ex¬ 
ample,  in  frigate  studies  we  have  found  the 
following  criteria  to  work  reasonably  well: 


significant  vertical  accelaration  at 
0.2L  =  C.4g 

most  probable  maximum  slamming  pressure 
=  40psi 

most  probable  maximum  slamming  force 
*  0.15 £> 

The  latter  two  are  evaluated  for  a  period 
of  one  hour. 

As  to  his  query  retarding  pitch  radius 
of  gyration,  we  did  not  include  it  in  our 
studies  first  because  it  is  not  a  hull  form 
parameter  and  second  because  the  ship  de¬ 
signer  ha-j  little  control  over  it.  We  do 
not  mean  to  imply  that  its  influence  on 
ship  motions  is  negligible,  and  we  would 
certainly  favour  further  work  on  this  topic. 


Optimizing  the  Seakeeping  Performance 
of  Destroyer-Type  Hulls 

Nathan  K.  Bales 

Davia  vv  Taylor  Naval  Stop  Reseaich  ana  Oeve-spmert  Center 
Betnesda.  Maryland  USA 


ABSTRACT 


A  model  which  relates  ship  hull  geome¬ 
try  to  an  index  of  seakeeping  merit  is 
developed.  This  model  is  quantified  for 
destroyer- type  hulls  of  specified  displace¬ 
ment  in  long-crested,  head  sris.  The  quan¬ 
tified  model  is  validated  by  using  it  to 
define  a  destroyer-type  hull  with  excep¬ 
tional  seakeeping  qualities.  Necessary 
conditions  are  demonstrated  for  generaliz¬ 
ing  the  model  to  other  displacements  and 
headings;  and  for  applying  it  under  circum¬ 
stances  involving  specific,  mission-related 
criteria.  Hypothesizing  the  existence  of 
sufficient  conditions  where  necessary  con¬ 
ditions  were  demonstrated,  the  model  is 
rewritten  in  a  manner  suitable  for  use  in 
optimizing  seakeeping  performance  unc.er 
rather  arbitrary  constraints  on  hull  geome¬ 
try.  It  is  shown  that  the  optimization 
can  be  accomplished  using  non-linear  pro¬ 
gramming  techniques,  and  that  appreciable 
improvements  in  seakeeping  performance  can 
be  realized  even  when  highly  restrictive 
constraints  are  imposed.  The  limitations 
associated  with  the  results  obtained  are 
discussed.  It  is  concluded  that  these 
results  provide  a  viable  basis  for  early- 
design  synthesis  of  destroyer- type  hulls 
with  superior  seakeeping  performance. 

NOMENCLATURE 

Local  sectional  area 

Waterplane  area  aft  of  amid¬ 
ships 

Waterplane  area  forward  of  amid¬ 
ships 

Maximum  of  A 

Constant 
Beam  amidships 
Local  beam 

Vertical  prismatic  coefficient 
aft  of  amidships 

Vertical  prismatic  coefficient 
forward  of  amidships 

Waterplane  coefficient  aft  of 
amidships 

Waterplane  coefficient  forward 
of  amidships 

Slamming  constant  at  Station  3 

Distance  from  Station  0  to 
cut-up  point 

Froude  number 

Ship  length  between  perpen¬ 
diculars 

Meter (s) 

Number  of  slams  per  hour  at 
Station  3 

Probability  of  bottom  slamming 
at  Station  3 


A 
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A 

^w^  1/3 


u 

p 


a 


Seakeeping  rank 
Estimated  value  of  R 

Significant  single  amplitude 
of  vertical-plane  ship-to-wave 
relative  motion  at  Station  0 

Significant  single  amplitude 
of  vertical-plane  ship-to-wave 
relative  motion  at  Station  20 

Second (s) 

Significant  single  amplitude 
of  absolute  vertical  motion 
at  Station  20 

Significant  single  amplitude 
of  absolute  vertical  velocity 
at  Station  15 

Significant  single  amplitude 
of  absolute  vertical  accelera¬ 
tion  at  Station  0 

Draft  amidships 
Modal  wave  period 
Metric  ton(s)  or  local  draft 
Ship  speed 

Underwater  hull  form  parameter 

Significant  single  amplitude  of 
heave 

Significant  single  amplitude  of 
heave  acceleration 

Ship  displacement 

Significant  wave  height 

Significant  single  amplitude 
pitch 

Linear  ratio 

Density  of  salt  water 

Standard  deviation 

Displaced  volume  aft  of  amidships 

Displaced  volume  forward  of 
amidships 


1.  INTRODUCTION 


Seakeeping  came  of  age  as  a  discipline 
of  applied  hydrodynamics  in  the  mid-1950's 
with  the  emergence  of  strip  theory  and 
linear  superposition.  Subsequent  advances 
and  refinements  led  to  the  development  of 
technologies  which  are  useful  in  the  later 
stages  of  the  ship  design  process.  These 
technologies  are  now  being  introduced  into 
the  earlier  stages  of  ship  design  and  into 
ship  operations.  There  is,  however,  one 
critical  need  in  the  early  stages  of  ship 
design  which  cannot  be  directly  addressed 
by  our  mature  technologies.  That  need  is 
for  a  means  of  synthesizing  hull  geometries 
leading  to  superior  seakeeping  qualities. 

The  need  for  a  synthesis  technology 
is  widely  recognized/  Papers  attempting 
to  develop  relationships  between  hull  geo¬ 
metry  and  seakeeping,  the  fundamental  prob- 
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lam  associated  with  development  of  such  a 
technology,  have  been  appearing  in  the 
literature  for  two  decades.  These,  however, 
have  had  little  or  no  impact  on  the  design 
process. 

Within  the  past  few  years,  there  has 
been  a  flurry  of  activity  attempting  to 
develop  surface  combatant  hull  forms  with 
superior  seakeeping  qualities.  For  these 
ships,  increasingly  sophisticated  weapons 
systems  are  demanding  more  stable  platforms 
at  the  same  time  that  economic  pressures 
are  demanding  smaller  ships.  Thus,  the 
payoff  associated  with  good  seakeeping  is 
very  high  for  surface  combatants. 

The  author  has  been  sporadically 
involved  with  work  in  the  area  under  dis¬ 
cussion  since  the  mid-1960's.  His  early 
efforts  failed  in  the  sense  of  having  little 
or  no  impact  on  the  ship  design  process.  In 
the  1977-78  time  frame,  he  enjoyed  partial 
success  with  two  efforts  involving  par¬ 
ticular  surface  combatant  designs.  During 
this  same  time  frame,  he  undertook  a  more 
generalized  effort  to  relate  seakeeping 
to  the  hull  characteristics  of  destroyer- 
type  ships. 

The  latter  effort  was,  in  view  of  the 
historical  difficulty  of  the  problem,  remark¬ 
ably  successful.  Accordingly,  the  results 
thereof  were  used  to  develop  a  synthesis 
technology  which  is  now  being  applied  to  the 
design  of  United  States  Navy  ships.  The 
development  of  the  model  relating  hull  form 
to  seakeeping  and  of  the  associated  synthe¬ 
sis  technology  are  described  hereinafter. 

2.  DEVELOPMENT  OF  A  MODEL  RELATING 
SEAKEEPING  TO  HULL  FORM 

The  fundamental  premise  of  the  modeling 
effort  was  that  a  meaningful,  comparative 
index  of  overall  seakeeping  performance 
could  be  defined  and  thence  quantitatively 
related  to  a  small  number  of  conventional 
hull  form  parameters.  It  was  further 
assumed  that  both  the  index  and  the  rela¬ 
tionship  could  be  adequately  quantified 
using  analytically-based  results  for  long- 
crested,  head  seas.  The  implications  of 
this  assumption  are  that  rolling  motion  can 
be  adequately  controlled  by  subsequent 
appendage  design,  and  that  coupling  effects 
from  the  lateral  modes  at  oblique  relative 
headings  and/or  in  short-crested  seas  will 
not  significantly  alter  trends  identified 
under  the  relatively  simple  conditions 
evaluated.  Finally,  it  was  assumed  that 
only  the  characteristics  of  the  underwater 
hull  had  to  be  considered.  The  implica¬ 
tions  of  this  assumption  are  that  deck 
wetness  can  be  limited  to  an  acceptable 
level  by  subsequent  design  of  the  above¬ 
water  b  w,  and  that  abov<~ -water  hull  effects 
will  not  distort  trends  -.entified  on  the 
basis  of  underwater  hull  geometry.  These 
hypotheses  were  formulated  on  the  basis  of 
past  experience,  relevant  literature,  and 
unabashed  intuition. 

The  approach  which  evolved  included 
five  basic  steps.  First  was  development 


of  a  general  model.  The  next  two  steps 
were  to  quantify  the  seakeeping  index  used 
for  the  model  and  its  general-form  coeffi¬ 
cients.  The  quantified  model  then  had  to 
be  validated.  Finally,  the  model  had  to 
be  generalized,  i.e.,  it  had  to  be  shown 
that  some  of  the  specific  assumptions  made 
to  develop  and  quantify  the  model  were  not 
necessarily  required.  Each  step  is 
described  in  the  sections  which  follow. 

2.1  The  General  Model 

To  begin,  let  us  postulate  the  exist¬ 
ence  of  a  comparative  measure  of  seakeeping 
performance  in  head  waves:  say  R  for  sea¬ 
keeping  "rank".  Further  postulate  the 
existence  of  a  small  set  of  underwater  hull 
form  parameters,  say  x.,  i  =  1,  2,  ....  n, 
which  effectively  govein  R  for  a  homogene¬ 
ous  class  of  hull  geometries.  Then  our 
immediate  objective  is  to  define  R,  the 
x.'s,  and  the  functional  relationship 
bitween  them,  i.e.,  to  write 

R  =  f(x,,  x2,  .  .  . ,  xft)  (1) 

in  explicit  terms. 

For  R  we  need  a  robust,  criteria- free 
index  which  is  not  dependent  on  specific 
details  such  as  ship  subsystems  or  the 
planned  area  of  operation.  On  the  other 
hand,  the  selected  index  must  ultimately 
be  valid  for  a  wide  range  of  specific  cri¬ 
teria  and  dependencies.  This  dilemma 
drives  us  to  adopt  an  equal  distribution 
of  ignorance  approach  to  defining  R. 

We  must  compute  a  set  of  vertical 
plane  ship  responses  which  is  comprehensive 
in  the  sense  that  it  includes  all  such 
responses  upon  which  criteria  are  likely 
to  be  based.  These  computations  must  be 
performed  for  comprehensive  ranges  of  ship 
speed  and  of  sea  condition.  The  response 
statistics  resulting  from  the  computations 
must  then  be  normalized  and  averaged.  For 
the  averaging  process,  all  responses,  ship 
speeds,  and  sea  conditions  are  taken  to  be 
equally  important.  It  is  the  absence  cf 
any  weighting  or  prioritizing  in  the  final 
average  which  gives  rise  to  the  "equal 
distribution  of  ignorance"  descriptor. 

The  basically  philosophical  definition 
of  seakeeping  rank  just  given  is  considered 
adequate  for  development  of  the  general 
model.  Specific  definitions  are  dependent 
upon  the  ship  class  considered.  Such  a 
definition  will  be  supplied  for  destroyer- 
type  hulls  when  quantification  of  the  model 
is  discussed. 

It  is  now  in  order  to  focus  on  selec¬ 
tion  of  the  underwater  hull  form  parameters, 
x,  in  the  notation  of  Cl) ,  to  be  used  for 
trie  model.  To  make  ehese  selections,  the 
author  relied  heavily  on  his  earlier  work 
with  analytically-defined  seakeeping  stan¬ 
dard  series.  This  work  is  exemplified  by 
his  1970  paper  with  Cummins5*. 


*  A  complete  listing  of  references  is 
given  on  page  503 
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The  B  o  i  c  3  3  nd  Cummins  serxas  is  L  3  s  t?  cl 
on  the  fact  that  a  viable  approximation 
to  the  vertical  plane  responses  of  a  ship 
among  waves  can  be  obtained  using  a  Lewis 
section  representation  of  the  hull.  This 
concept  is  equally  applicable  to  the  prob¬ 
lem  at  hand.  Though  a  detailed  mathemat¬ 
ical  representation  of  the  variation  of 
the  Lewis  section  parameters  over  ship 
length,  such  as  used  in  Reference  1,  seemed 
.->o  complex  for  the  present  application, 

i.  appeared  possible  that  a  carefully 
selected  set  of  hull  form  parameters  might 
effectively  define  the  waterli.-es,  under¬ 
water  profiles,  and  sectional  fullness 
characteristics  of  a  homogeneous  class  of 
ships. 

Another  insight  gleaned  from  the  stan¬ 
dard  series  work  was  that  it  is  very  desir¬ 
able  to  treat  forebody  and  afterbody  char¬ 
acteristics  separately  as  the  former  have  a 
greater  impact  on  vertical  plane  responses 
than  do  the  latter.  The  waterplane  co¬ 
efficient  forward  of  amidships  was  found  to 
be  especially  prominent.  Increases  in  this 
parameter  invariably  improved  seakeeping, 
and  the  magnitudes  of  the  response  changes 
which  it  caused  exceeded  those  associated 
with  any  of  the  other  coefficients  con¬ 
sidered. 

Finally,  the  standard  series  provided 
some  insight  into  the  comparative  seakeep¬ 
ing  characteristics  of  hulls  with  and 
without  transoms.  It  was  found  that  hulls 
without  transoms  generally  exhibited  sea¬ 
keeping  characteristics  superior  to  nominal¬ 
ly  equivalent  hulls  with  transoms.  These 
differences  were  found  to  be  attributable 
to  the  typical  differences  between  the 
afterbody,  underwater  profiles  of  the  two 
types  of  ships  rather  than  to  the  transom 
itself. 

Parameters  for  the  model  were  selected 
on  the  basis  of  the  foregoing  comments  and 
of  such  other  knowledge  of  the  influence  of 
hull  form  on  seakeeping  as  the  author  could 
bring  to  bear.  Appendix  A  provides  an 
abbreviated  rationale  for  each  selection. 
Here,  the  selected  parameters  will  be  iden¬ 
tified  and  briefly  commented  upon. 


rnwreasriig  ^WA*  and  Cyp A#  and 

with  decreasing  T/L  and  Cv  .  The  projec¬ 
tion  for  improvement  withvlncreasing 

was  considered  the  strongest  in  the  set. 

That  for  improvement  with  increasing  CV?A 

was  weakest. 

With  the  foregoing,  (1)  can  be  written 

R  =  f*CWF'  CWA'  T/,L'  C/,L'  CVPF,CVPA* 

and  it  remains  only  to  define  the  nature  of 
the  functional  relationship  to  be  used. 

In  defining  this  relationship,  the 
author  again  relied  heavily  on  his  earlier 
seakeeping  standard  series  work.  A  ruled 
surface  function  was  used  for  interpolations 
over  the  standard  series  data  base.  Such 
a  function  consists  of  the  algebraic  sum  of 
a  constant,  a  linear  term  in  each  indepen¬ 
dent  variable,  and  all  of  the  linear,  inter¬ 
action  terms  which  can  be  formed  from  the 
set  of  independent  variables  under  consid¬ 
eration.  Thus,  a  ruled  surface  equation 
for  the  six-parameter  model  now  under  con¬ 
sideration  would  have  64  terms.  This  was 
considered  to  be  too  complex  a  function  for 
the  present  effort. 

A  feature  of  the  ruled  surface  func¬ 
tion  is  that  it  reduces  to  a  simple,  linear 
equation  when  only  or.e  of  its  parameters  is 
varied.  In  the  course  of  the  series  work, 
this  led  to  an  exploration  of  using  only  the 
constant  and  the  single-variable  terms  from 
the  ruled  surface  equation  to  approximate 
the  results  of  the  latter  when  more  than 
one  parameter  was  changed.  The  exploration 
indicated  that  the  linear  approximation 
was  correct  in  a  qualitative  sense  whenever 
appreciable  changes  in  the  dependent  vari¬ 
able  were  involved.  The  qualitative 
results,  though  erroneous,  appeared  to  pro¬ 
vide  an  adequate  bases  for  tradeoff  deci¬ 
sions.  In  view  of  this,  it  was  decided  to 
employ  a  simple,  linear  model,  i.e.,  to 
write  (2)  as 


P-=aQ+a1  IC^)  +a2  (CWA)  +a3  (T/L)  +a4  (c/L) 


A  total  of  six  parameters  were 
selected  for  the  model.  They  are: 

1.  Waterplane  coefficient  forward  of 
amidships,  C^; 

2.  Waterplane  coefficient  aft  of  amid¬ 
ships,  CNA; 

3.  Draft-to-length  ratio,  T/L,  where 
T  is  draft  and  L  is  :hip  length; 

4.  O’t-up  ratio,  c/L,  where  c  is  the 
distance  from  the  forward  perpen¬ 
dicular  to  the  cut-up  point; 

5.  Vertical  prismatic  coefficient  for¬ 
ward  of  amidships,  Cvpp;  and 

6-  Vertical  prismatic  coefficient  aft 

of  amiuships,  C,m. . 

VPA 

Seakeeping  was  projected  to  improve  with 


+a5(CVPF)+a6 ^VFA1 


(3) 


where  a.,  i  =  0,1,2,  ...,  6,  are  constants 
to  be  ditermined. 

2 . 2  Quantification 


Equation  (3)  was  quantified  using  a 
data  base  consisting  of  the  geometric  char¬ 
acteristics  and  seakeeping  responses  of  an 
ad  hoc  selection  of  destroyer-type  hull 
designs.  A  "destroyer-type  hull"  is  taken 
to  be  a  rather  fine,  naval  hull  intended 
for  high-speed  operation  and  a  warfare 
mission  such  as  antisubmarine  or  antiair¬ 
craft  warfare.  Classes  of  ships  which 
satisfy  this  definition  are  frigates,  dest¬ 
royers,  and  light  cruisers. 

In  the  preceding  material,  the  idea 
of  a  "homogeneous"  class  of  hulls  was 
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invoked  on  several  occasions.  The  func¬ 
tional  similarity  of  frigates,  destroyers, 
and  light  cruisers  has  led  to  their  con¬ 
stituting  a  rather  homogeneous  set  in  terms 
of  hull  form.  However,  their  sizes  vary 
widely.  This  required  that  ship  size  be 
normalized  in  some  manner  before  the  data 
base  needed  to  quantify  the  general  model 
relating  hull  geometry  to  seakeeping  was 
developed. 

It  was  decided  to  normalize  on  the 
basis  of  displacement.  There  were  three 
reasons  for  selecting  displacement  in  pref¬ 
erence  to  length  as  the  normalizing  factor. 
First,  the  author's  past  results  indicate 
that  displacement  is,  for  realistic  ship 
forms,  better  correlated  with  seakeeping 
performance  than  is  ship  length.  Second, 
displacement  is  a  more  fundamental  metric 
cf  ship  cost  than  is  ship  length.  Third, 
and  strongly  tied  to  the  second  reason,  is 
that  most  early-design  decisions  as  to  ship 
size  are  made  in  terms  of  displacement. 

Twenty  destroyer-type  hulls  were  chosen 
for  the  data  base.  Care  was  taken  to 
include  hulls  representative  of  a  wide  scope 
of  design  practice.  Care  was  also  taken  to 
avoid  inclusion  of  pathological  hulls  judged 
to  be  unbuildable  or  unlikely  to  be  built. 

Each  hull  selected  was  normalized  to 
a  displacement,  4300t,  considered  to  be 
typical  of  the  class  under  consideration. 

The  normalization  was  performed  by  multi¬ 
plying  the  linear  dimensions  of  each  hull 
by  the  cube  root  of  the  ratio  of  4300t  to 
its  as-designed  displacement.  Table  1  char¬ 
acterizes  the  20  displacement-normalized 
hulls.  Both  the  parameters  included  in  the 
model  relating  hull  form  to  seakeeping  and 
the  overall  dimensions  of  the  hulls  are 
included  in  this  tabulation.  The  symbol  B 
represents  beam  amidships.  All  other  nota¬ 
tion  in  Table  1  is  as  previously  introduced. 

Based  on  the  general  definition  of 
seakeeping  rank  (R)  given  previously,  it 
was  decided  (see  Appendix  B  for  rationale) 
to  compute  eight  seakeeping  responses  for 
each  of  the  data-base  hulls.  The  responses 
selected  were  pitch,  heave,  ship-to-wave 
relative  motion  at  Stations  0  and  20*, 
bottom  slamming  at  Station  3,  absolute 
vertical  acceleration  at  Station  0,  heave 
acceleration,  and  absolute  vertical  motion 
at  station  20.  In  two  particulars,  this 
set  of  responses  fails  to  support  the  gen¬ 
eral  definition  of  R.  Heave  was  included, 
not  because  it  is  a  criterion  response,  but 
because  it  seemed  inadvisable  to  omit  half 
of  the  modal  motions  relevant  to  the  prob¬ 
lem.  Absolute  vertical  velocity,  a  crite¬ 
rion  response  for  helicopter  landings,  was 
omitted.  The  omitted  response  will  be  util¬ 
ized  subsequently  in  the  context  of  gener¬ 
alizing  the  model. 

Again  based  on  the  general  definition 
of  R,  it  was  decided  to  compute  these 


*  Stations  are  numbered  from  0  at  the  for¬ 
ward  perpendicular  to  20  at  the  after  per¬ 
pendicular. 


responses  in  Bretschneider  wave  spectra  with 
modal  periods.  (T )„,  from  6  to  14s  in  two- 
second  increments”and  for  Froude  number, 

F  ,  from  0.05  in  increments  of  0.10  to  0.45. 
cRaracterizing  the  wave  spectra  on  the  basis 
of  modal  wave  period  alone  is  viable  because 
we  are  assuming  linearity.  The  Froude 
numbers  selected  yield  speeds  covering  a 
5  to  30  knot  range  for  each  hull  in  the  data 
base.  Appendix  B  provides  additional  com¬ 
ments  on  the  selection  of  operating  condi¬ 
tions. 

The  computations  were  performed  using 
an  upgraded  version  of  the  linear  strip 
theory  computer  program  developed  by  Frank 
and  Salvesen2 .  A  20-station,  close-fit 
representation  was  used  for  each  hull. 

The  radius  of  gyration  in  pitch  was  taken 
equal  to  0.25  L  for  all  of  the  hulls. 

These  computations  produced  200 
response  statistics  (5  modal  wave  periods 
x  5  Froude  numbers  x  8  responses)  for  each 
of  the  20,  data-base  hulls.  Unweighted 
averaging  over  modal  period  and  Froude 
number,  as  advocated  in  the  general  defini¬ 
tion  of  R,  reduced  this  data  set  to  the 
20  x  8  matrix  exhibited  in  Table  2.  In 
this  table,  (?  ) ,  ,,  represents  significant 

w  X/ 3 

wave  height,  and  is  used  to  normalize  all 
of  the  simple,  linear  responses.  These 
responses  are  in  terms  of  significant 
single  amplitudes  (subscript  1/3) ,  and  are 
further  subscripted,  when  required,  by  the 
applicable  Station  number.  General  nota¬ 
tion  used  is  0  for  pitch,  z  for  heave,  r 
for  relative  motion,  and  s  for  absolute 
motion. 

The  response  statistic  designated 
(Cs)3in  Table  2  is  related  to  the  pxobabil- 

ity  of  occurrence  of  bottom  slamming  at 
Station  3,  say  (Ps)3,  by 

(Pg)3  =  exp(-2(Cs)3/[(cw)1/3]*}  (4) 

It  may  then  be  described  as  a  slar"  ng  in¬ 
cidence  parameter.  Appendix  B  de  xs 

(C  ) ,  using  threshold  relative  velocity  as 
S  3 

defined  by  OchiJ-  Let  it  be  noted  that 
(Pc,)3  is  inversely  proportional  to  (Cg)  3- 

Hence,  in  contrast  to  the  other  responses 
considered,  a  large  value  of  (Cg)3 

"good"  while  a  small  value  is  "bad". 

A  few  interesting  facts  can  be  gleaned 
from  inspection  of  Table  2.  Hull  06  is 
evidently  a  good  one:  it  minimizes  pitch, 
heave,  both  accelerations,  and  relative 
motion  at  Station  0.  Hull  05  exhibits  the 
best  slansaing  characteristics.  As  to  the 
Station  20  responses,  Hull  10  is  best  in 
absolute  motion  whi le  Hull  04  is  best  in 
relative  nation.  It  is  also  worfcnwhile  to 
observe  that  the  total  variability  in  the 
Station  20  responses  is  relatively  small. 
These  vary  by  only  5  percent  over  the  20- 
ship  data  base  while  the  other  responses 
considered  vary  by  8  to  28  percent. 

Prior  to  response  averaging,  each 
Table  2  datum  had  to  be  nondiroensionalized. 


To  accomplish  this,  all  of  the  (Cg) ^  values 

in  Table  2  were  divided  by  the  largest  value 
thereof;  and  the  other  average  responses 
were  divided  by  their  respective  minima. 
Thus,  the  "best"  hull  in  terms  of  each 
response  considered  was  assigned  a  1,0  for 
that  response  while  the  other  hulls  were 
assigned  proportionately  lower  values. 

These  nondimensionalized  values  were,  then 
averaged  over  the  eight  responses  for  each 
ship. 

It  can  be  noted  that  these  average 
responses  are  implicitly  weighted  by  the 
attainable  range  of  variability  of  the 

Table  1  Characteristics  of  the  Displace¬ 
ment-Normalized  (4300t)  Hulls 


individual  responses.  It  was  felt  that 
this  implicit  weighting  was  compatible  with 
the  general  definition  of  R.  An  averaging 
procedure  assigning  strictly  equal  weights 
to  all  of  the  responses  considered  might 
have  allowed  those  with  little  potential 
for  improvement  to  drive  us  in  the  direc¬ 
tion  of  little  overall  improvement. 

The  average  responses  derived  by  the 
procedure  just  described  and  discussed 
satisfy  the  general  definition  of  R. 
However,  it  was  decided  to  perform  one 
additional  operation  to  formally  define  the 
index.  This  was  normalization  of  the  over¬ 
all  averages  to  a  scale  from  1.0  to  10.0 
with  the  hull  having  the  best  {highest) 
average  assigned  the  10.0  and  that  having 
the  worst  average  being  assigned  the  1.0. 
There  were  two  motivations  for  this  final 
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Table  4  Coefficients  and  Characteristics 
of  the  Parameters  in  the  Seakeep¬ 
ing  Rank  Equation 
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potential  value  for  that  portion  of  the 
quantification  effort  yet  to  be  undertaken. 

Application  of  the  procedure  just 
defined  to  the  data  base  hulls  produced  the 
R-value  data  presented  in  Table  3.  This 
table  shows  the  data  base  hulls  in  order 
of  rank  from  best  (R  =  10,00)  to  worst 
(R  =  1,00).  The  table  includes  the  hull 
form  parameters  in  terms  of  which  R  has 
been  modeled.  Gross  tendencies  toward 
increasing  rank  with  increasing  and 

with  decreasing  are  discernible,  but 

it  is  evident  that  no  one  of  the  parameters 
considered  provides  a  reliable  indication 
of  the  behavior  of  the  index. 

To  complete  the  quantification  effort, 
a  multivariate,  linear  regression  analysis 
was  performed  using  the  Table  3  data  with 
R  as  the  dependent  variable  and  the  six  hull 
form  parameters  as  the  independent  vari¬ 
ables.  The  regression  analysis  provided 
estimates  of  the  constants  a . ,  i  =  0 ,  1 , 

— ,  6,  in  (3).  Table  4  preients  the  esti¬ 
mated  values.  It  also  defines  (from  Table 
3)  the  parameter  ranges  to  which  the  esti¬ 
mates  are  strictly  applicable.  Finally, 
Table  4  gives  the  potential  change  in  sea¬ 
keeping  rank  associated  with  each  parameter. 
These  data  are  obtained  by  multiplying  the 
estimated  constant  for  a  parameter  by  its 
range. 

2.3  Validation 

Initially,  it  should  be  noted  that  the 
constants  estimated  by  the  quantification 
process  are  in  broad  agreement  with  the 
projections  made  in  the  course  of  develop¬ 
ing  the  general  model.  The  exceptions  are 
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Fig.  1  Estimated  versus  Directly—  Confuted 
Ranks  for  the  Data  Base  Bulls 


the  effects  of  CvpA  and  c/L. 


The  former 


parameter  has  an  effect  opposite  to  that 
anticipated  while  the  latter  has  a  smaller 
relative  effect  than  anticipated.  Both 
reversals  are  probably  attributable  to  the 
difficulties  associated  with  defining  after¬ 
body  geometry  which  are  discussed  in  Appen¬ 
dix  A. 

A  simple  validity  check  can  be  made  by 
comparing  predicted  and  directly  computed 
R- values  for  the  data  base  hulls.  Figure 
1  presents  £he  results  of  this  exercise. 

The  symbol  R  is  used  (-and  will  be  used 
hereinafter)  for  the  predicted  values  to 
distinguish  them  from  those  directly  com¬ 
puted.  Figure  1  includes  lines  defining 
a  two  standard  deviation  (a)  bound  about 
the  predicted  value.  The  magnitude  of  o 
is  0.508,  and  the  largest  single  deviation 
is  1,073. 

It  was  felt  that  the  most  relevant 
validation  effort  which  could  be  undertaken 
was  to  use  the  R  predictor  to  difine  a  hull 
which  had  parameters  within  the  data  base 
ranges  thereof  but  better  seakeeping  char¬ 
acteristics  than  any  hull  in  the  data  base. 
The  form  coefficients  for  such  a  hull  can 
be  obtained  by  inspection  of  Table  4.  One 
simply  assigns  each  parameter  the  data 
base  extreme  which  will  tend  to  maximize  R. 
The  transition  from  this  point  to  a  hull 
sufficiently  well-defined  to  admit  strip 
theory  computations  is  rather  tedious. 
Dimensional  quantities  must  be  introduced; 
and  these,  too,  must  be  kept  within  their 
data  base  ranges.  Finally,  a  "ship- like" 
configuration  satisfying  all  of  the  imposed 
restraints  must  he  developed.  Appendix  C 
describes  the  process  in  detail.  Here  the 
characteristics  of  the  resultant  hull  will 
be  presented  and  briefly  discussed. 

The  hypothetically  optimum  hull  defined 
by  the  work  described  in  Appendix  C  will  be 
identified  as  Hull  21-  It  is  135.8  m  in 
length,  has  a  beam  of  14.72  n  and  a  draft 
of  4.28  m.  Its  displacement  is  4302t. 

Its  coefficients,  as  associated  with  the 
model  developed  here,  are  as  follows; 

=  0.690,  CKft  =  0.915,  T/L  =  0.0315, 
c/L  =  0.850,  Cypj.  =  0.689  and  C,rpA  =  0.552. 

The  Hull  21  characteristics  involving 
volumes  and  areas  are  slightly  different 
from  their  ideal  values,  e.g. ,  C,„  is  0.008 
less  than  the  data  base  maximum.  r  All  of 
these  differences  are  such  that  the  co¬ 
efficients  of  Hull  21  fall  inside  the  data 
base  ranges. 

Seakeeping  computations  were  performed 
for  Hull  21.  These  computations  were  iden¬ 
tical  to  those  performed  for  the  data  base 
hulls  except  that  a  Lewis  section  repre¬ 
sentation  was  used  for  Hull  21.  Such  a 
representation  was  the  best  which  could 
be  derived  at  the  level  of  hull  definition 
available,  and  was  thought  to  be  adequate 
for  the  purpose  at  hand. 

The  results  of  the  Hull  21  seakeeping 
computations  were  used  to  recompute  the 


*485  - 


seakeeping  rank  index,  R,  under  the  assump¬ 
tion  that  this  hull  was  a  member  of  the 
data  base  set.  It  was  found  that  ,  had 
Hull  21  been  a  member  of  the  data  base,  it 
would  have  attained  the  maximum  rank  of 
10.0.  Hull  06,  which  received  the  10.0 
rank  in  the  actual  data  base,  would  have 
been^second-ranked  at  R  =  7.2.  Hence, 
the  R  predictor  has  been  used  to  define 
a  hull  that  is  within  the  geometric  scope 
of  the  data  base  hulls  but  has  seakeeping 
qualities  superior  to  all  of  these  hulls. 

The  foregoing  conclusion  equates 
"seakeeping  qualities"  with  the  rank  index, 
R.  The  equal  distribution  of  ignorance 
approach  taken  to  defining  R  is,  according¬ 
ly,  implicit  to  it.  We  must,  for  credibil¬ 
ity  if  not  for  validity,  inquire  as  to  the 
degree  to  which  the  local  seakeeping  qual¬ 
ities  of  Hull  21  are  inferior  as  a  result 
of  this.  Figures  2  through  9  were  developed 
for  the  inquiry. 

Each  of  the  eight  cited  figures  treats 
one  of  the  seakeeping  responses  considered 
here.  The  response  being  evaluated  is  plot¬ 
ted  as  a  function  of  modal  wave  period  for 
each  of  the  five  Froude  numbers  evaluated. 
Five  curves  are  shown  on  each  plot.  These 
illustrate  the  local  seakeeping  qualities 
of  Hull  21  and  of  the  data  base  hulls  which 
are  best  (Hull  06)  and  worst  (Hull  13)  in 
the  sense  defined  by  R.  They  also  define 
the  data  base  envelope,  i.e. ,  the  highest 
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and  lowest  local  responses  of  any  hull  in 
the  data  base,  when  no  envelope  is 
explicitly  shown,  the  implication  is  that 
it  is  defined  by  either  Hull  06  or  Hull  13. 

Insights  which  can  be  gained  from 
inspection  of  Figures  2  through  9  are 
discussed  in  the  following  paragraphs. 

Minor  trend  reversals  in  waves  of  six- 
second  modal  period  are  neglected  in  the 
discussion.  These  reversals  involve  rela¬ 
tively  small  response  magnitudes,  and  are 
at  least  as  much  attributable  to  numerical 
procedures,  e.g.,  spectral  closure,  as  to 
realistic  differences  between  the  hulls 
involved. 

Excepting  the  slamming  incidence  para¬ 
meter  (Figure  6)  and  relative  nation  at  the 
stern  (Figure  9) ,  the  results  shown  by  the 
fugures  under  discussion  are  remarkably 
consistent.  Hull  06  typically  defines  tile 
best  envelope  or  is  very  close  to  it.  Hull 
13  is  only  slightly  less  consistent  in 
approximating  the  worst  envelope  than  is 
Hull  06  in  approximating  the  best  envelope. 
Hull  21  is  generally  equal  or  superior  to 
Hull  06.  In  some  instances  when  Hull  06 
does  not  define  the  data  base  best  envelope, 
Hull  21  is  superior  to  the  hull  which 
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Fig.  2  Pitch  Comparisons  between  Hull  06, 
Hull  13,  Hull  21,  and  the  Data  Base 
Envelope 


Fig.  3  neave  Comparisons  between  Hull  06, 
Hull  13,  Bull  21,  and  the  Data  Base 
Envelope 
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Fig-  4  Station  0  Relative  Motion  Com¬ 
parisons  between  Hull  06,  Hull  13, 
Hull  21,  and  the  Data  Base  Envelope 


defined  it. 

It  was  noted  earlier  that  the  Station 
20  responses  considered  had  relatively 
small  ranges,  and  that  the  response  averag¬ 
ing  procedure  employed  was  biased  against 
responses  with  relatively  little  potential 
for  improvement.  One  of  the  exceptions 
cited  in  the  foregoing  paragraph,  relative 
motion  at  the  stern,  appears  to  reflect 
these  circumstances.  Such  being  the  case, 
the  favorable  results  found  for  absolute 
motion  at  the  same  location  must  be  con¬ 
sidered  fortuitous.  However,  the  behavior 
of  relative  motion  at  Station  20  with 
variations  in  modal  period  and  Froude  number 
can  be  seen  to  be  different  from  that  of 
the  other  responses  considered.  This  nay 
account  for  the  anomaly. 

In  any  case.  Figure  9  indicates  that  a 
reversal  of  the  overall  trends  found  occurs 
in  the  case  of  relative  motion  at  Station 
20.  The  roles  of  the  best  and  worst  data 
base  hulls  in  an  overall  sense  are  reversed. 
Hull  21  is  intermediate  in  most  cases,  but 
exhibits  superiority  in  long  waves  at  the 
highest  Froude  number  considered. 

It  is  pointed  out  in  the  appendix 
on  parameter  selection  for  the  general  model 
(Appendix  A)  that  the  author’s  preconcep- 


Fig.  S  Station  0  Absolute  Acceleration 
Comparisons  between  Hull  06, 

Hull  13,  Hull  21,  and  the  Data  Base 
Envelope 


tion  to  the  effect  that  a  decrease  in  draft- 
to-length  ratio  should  improve  sea'  seeing 
contradicted  common  sense  arguments  regard¬ 
ing  the .effect  of  draft  on  bottom  slamming. 
Quantification  of  the  model  supported  the 
author's  contention.  However,  the  Figure  6 
plots  of  the  slamming  incidence  parameter 
(which  was  the  second  response  accepted  from 
the  initial  discussion  of  local  response 
comparisons)  indicate  that  the  common  sense 
argument  has  merit  in  the  limit  as  encounter 
frequency  increases.  When  this  frequency 
is  high,  most  notably  at  coiabinations  of 
low  (Tw>0  and  high  Fr,  absolute  ship  motions 

are  very  small;  and  relative  ration  (in  the 
kinematic  sense,  at  least)  is  approximately 
equal  to  wave  elevation.  Then  the  incidence 
of  bottom  slamming  comes  close  to  exhibiting 
a  reciprocal  correlation  with  draft. 

Recalling  that  the  incidence  of  slam¬ 
ming  is  inversely  proportional  to  CCs) 3 , 

Figure  6  is  seen  to  reflect  the  situation 
just  described.  In  6s  waves,  Hull  13  with 
T  =  5.14  m  is  usually  better  than  either 
Hull  06  (T  =  4.26  n)  or  Hull  21  (7  =  4.28  m) . 
A  2s  increase  in  modal  period  reverses  the 
situation.  As  modal  period  continues  to 
increase,  Hull  13  converges  to  the  data 
base  worst  envelope.  Then  Hull  06  is 
intermediate,  and  Hull  21  converges  to  the 
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Fig.  6  Station  3  Slamming  Incidence 
Parameter  Comparisons  between 
Hull  06,  Hull  13,  Hull  21,  and  the 
Data  Base  Envelope 
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Fig.  7  Heave  Acceleration  Comparisons 

between  Hull  06,  Hull  13,  Hull  21, 
and  the  Data  Base  Envelope 
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Station  20  Absolute  Motion  Com¬ 
parisons  between  Hull  06,  Hall  13, 
Hull  21,  aid  the  Data  Base  Envelope 


Station  20  Relative  Motion  Com¬ 
parisons  between  Hull  06,  Hull  13, 
Hull  21,  and  the  Data  Base  Envelope 
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data  base  best  envelope. 


Since  the  magnitudes  of  (Cg) 3  at  the 

6s  modal  period  are  relatively  high  (imply¬ 
ing  a  lower  incidence  of  the  phenomenon) , 
the  reversal  which  occurs  in  that  condition 
is  not  considered  too  deleterious.  The 
low-draft  ships  which  are  good  in  an  over¬ 
all  sense  have  good  slamming  incidence 
characteristics  under  those  conditions  in 
which  slamming  is  most  likely  to  limit 
operability.  One  other  matter  seems  worth 
pointing  out  in  the  present  context.  Slam¬ 
ming  is  treated  here  purely  from  the  view¬ 
point  of  its  incidence,  but  the  fine  fore¬ 
body  sections  implied  by  the  low  value  of 
CVpF  applicable  to  Hull  21  can  be  expected 

to  minimize  the  deleterious  effects  of  the 
phenomenon  when  it  does  occur. 

Overall,  it  is  thought  that  the  local 
comparisons  presented  in  Figures  2  through 
9  provide  strong  support  for  both  the  equal 
distribution  of  ignorance  approach  to  defin¬ 
ing  R  and  the  excellence  of  Hull  21.  The 
only  definitive  reversal  found  is  that  of 
relative  motion  at  Station  20,  and  it  is 
minor  in  the  sense  that  the  attainable 
variation  in  this  response  is  small. 

Perhaps  the  most  exciting  feature  of  Hull  21 
is  that  its  superiority  is  greatest  when 
conditions  are  worst,  i.e.,  at  the  higher 
Froude  numbers  in  seas  which  maximize  the 
responses  of  hulls  in  its  si2e  range. 

2,4  Generalization 

The  assumptions  made  in  the  course  of 
deriving  the  general  model  relating  hull 
form  to  seakeeping  and  of  quantifying  it 
for  destroyer-type  hulls  are  so  restrictive 
as  to  make  the  results  obtained  useless  in 
any  practical  sense.  These  results  apply 
only  to  selected  seakeeping  responses  of 
4300t,  destroyer-type  hulls  operating  in 
long-crested  head  seas.  Lifting  the  hull 
type  restriction  was  beyound  the  scope  of 
the  investigation  being  described.  The 
possibility  of  relaxing  the  restrictions 
as  to  response,  displacement,  and/or  relative 
heading  was  explored  at  the  level  of  neces¬ 
sary  conditions. 

Initially,  Hull  21  was  scaled  (by  the 
cube  root  of  the  displacement  ratio  as 
described  in  context  of  developing  the 
displacement-normalized  data  base)  to  the 
size  of  an  existing  small  frigate  and  to  the 
si2e  of  an  existing  light  cruiser.  The 
seakeeping  responses  of  the  existing  hulls 
and  their  Hull  21  equivalents  were  then 
computed  using  the  same  procedures  as  for 
the-data  base.  Absolute  vertical  velocity 
at  the  after  quarter  point,  noted  previously 
to  be  a  criterion  response  omitted  from  the 
data  base  computations,  was  determined. 

The  responses  of  the  two  pairs  of  hulls  were 
then  compared. 

Subsequently,  the  general  approach  of 
scaling  Hull  21  to  the  sizes  of  two  existent 
hulls  was  applied  for  'round-the-clock 
relative  headings  in  both  long  and  short- 
crested  seas.  This  effort  was  extended  to 


assessment  of  the  capabilities  of  the  hulls 
considered  to  support  antisubmarine  warfare 
by  conducting  helicopter  operations.  The 
performance  assessment  used  specific "cri¬ 
teria  magnitudes,  and  required  consideration 
of  a  number  of  responses  not  considered  in 
the  data  base  computations.  Hence,,  this 
effort  encompasses  the  initial  generaliza¬ 
tions.  In  addition,  it  tests  the  ability 
of  the  results  which  have  been  derived  to 
yield  a  hull  which  exhibits  superior  sea¬ 
keeping  in  a  specialized  situation.  It  will 
be  recalled  that  it  was  the  need  for  a  sea¬ 
keeping  index  that  was  very  generalized  yet 
applicable  to  specialized  circumstances 
which  motivated  the  adoption  of  the  equal 
distribution  of  ignorance  approach  to 
defining  the  seakeeping  rank,  R,  used  here. 

The  results  of  the  initial  generaliza¬ 
tion  effort  continue  to  be  of  academic 
interest  because  they  were  obtained  without 
any  complicating  changes  in  the  computa¬ 
tional  frame  of  reference  used  for  the 
earlier  elements  of  the  investigation. 

Hence,  these  results  will  be  briefly 
reviewed.  The  subsequent  generalization 
to  'round-the-clock  relative  headings  will 
then  be  described  in  some  detail. 

The  initial  generalization  effort 
indicated  that  .the  displacement-scaled 
versions  of  Hull  21  were  superior  to  their 
existing  counterparts  except  in  relative 
motion  at  the  stern  (for  which  response 
the  differences  involved  were  small)  and 
in  slamming  incidence  at  combinations  of 
high  F  and  low  (T )  for  which  the  inci¬ 
dence  of  the  phenomenon  was  relatively 
small.  Further,  the  magnitude  of  the 
differences  involved  appeared  to  reflect 
R  differences  between  the  hulls  which  were 
computed  assuming  that  the  predictor  could 
be  applied  independent  of  displacement. 
Absolute  vertical  velocity  was  found  to 
exhibit  typical  trends  with  (T ).  and  F 
and  in  hull-to-hull  comparisons.  n 

Prior  to  attempting  the  generalization 
to  'round-the-clock  relative  headings,  a 
detailed  design  of  Hull  21  was  developed. 

The  procedure  followed  is  described  in 
Appendix  D.  Here  it  should  be  noted  that 
attention  was  given  to  minimizing  resis¬ 
tance,  that  the  author's  procedure  for 
computing  minimum  freeboard  requirements 11 
was  applied,  and  that  bilge  .  eels  were 
sized  in  accord  with  the  principles  set 
forth  by  Cox  and  Lloyd5.  Further,  the 
responses  of  the  detailed  design  were 
computed  by  the  same  procedures  employed 
previously  to  verify  that  its  seakeeping 
characteristics  had  not  been  seriously 
altered  by  the  detailed  design  effort. 

Figure  10  presents  the  body  plan  which 
resulted  from  the  detailed  design.  In 
this  figure  and  hereafter,  this  design  is 
referred  to  as  Hull  21D  to  distinguish  it 
from  the  Lewis  section  version  considered 
up  to  now.  Hull  21D  has  the  same  overall 
dimensions  as  Hull  21,  but  it  differs 
slightly  from  the  latter  in  displacement 
and  some  coefficients.  Specifically,  it 
displaces  4343t,  and  has  =  0.698, 
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C,,A  =  0.922,  CvpF  =  0.678  and  CypA  -  0.560. 

The  coefficients  remain  within  their 
respective,  data-base  ranges. 

Two  existing  hulls,  both  designed 
to  support  helicopter  operations,  were 
selected  for  comparison  with  Hull  21D  as 
scaled  to  their  respective  displacements. 

The  smaller  of  the  two  hulls  selected  is 
124.4  x  13.8  x  4.52  m,  and  displaces 
3595t.  It  will  be  designated  Hull  A.  The 
larger,  designated  Hull  B,  is  161.2  x  16.8 
x  5.94  m,  and  displaces  7948t. 

Hull  21D  as  scaled  to  the  displacement 
of  Hull  A  will  be  identified  as  Hull  21D/A. 
Its  dimensions  are  127.5  x  13.8  x  4.02  m. 

By  corresponding  indentif ication,  Hull 
21D/B  is  166.1  x  18.0  x  5.25  m.  The  dis¬ 
placement-scaled  versions  of  Hull  21D  are, 
then,  generally  longer  and  shallower  than 
the  existing  hulls.  Breadth  comparisons 
vary.  This  parameter  is  the  same  for  Hull 
21D/A  as  for  Hull  A,  but  significantly 
greater  for  Hull  21D/B  than  for  Hull  B. 

Six-degree-of-freedom  motion  computa¬ 
tions  for  the  two  pairs  of  hulls  just 
described  were  performed  using  the  United 
States  Navy's  Standard  Ship  Motion  Predic¬ 
tion  Computer  Program,  sMP-79.  This  program 
is  based  on  the  linear  strip  theory  of 
Salvesen,  Tuck  and  Ealtinsen6  with  improve¬ 
ments  in  roll  prediction  based  on  Schmitke 
and  on  the  Cox  and  Lloyd  paper  (Ref.  5) 
previously  cited  in  the  context  of  bilge 
keel  sizing.  Appendix  E  describes  the 
computations  performed  in  detail.  Here  it 
should  be  noted  that  speed  polar  diagrams, 
as  introduced  by  Covich  and  Comstock8,  were 
used  to  assess  performance. 

As  mentioned  previously,  the  perfor¬ 
mance  of  the  hulls  under  consideration  was 
assessed  in  terms  of  their  ability  to  carry 
out  helicopter  operations.  These  operations 
were  divided  into  three  categories:  launch, 
recovery,  and  support.  The  "support"  opera- 
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tion  consists  of  on-deck  handling  of  the 
helicopter  and  its  equipment.  The  cate¬ 
gorization  is  required  because  each  of  the 
three  operations  involves  different  crite¬ 
ria  variables  and/or  magnitudes.  Further, 
in  order  to  obtain  an  operationally  rele¬ 
vant  assessment,  criteria  for  avoiding  hull 
damage  and  for  personnel  limitations  were 
superimposed  upon  the  criteria  for  each  cate¬ 
gory  of  helicopter  operation. 

Complete  results  of  the  performance 
assessment  are  presented  in  Figures  11 
through  16.  Each  of  these  figures  presents 
an  Operability  Index  (01)  as  a  function  of 
modal  wave  period  for  a  specified  helicopter 
operation  (and,  implicitly,  for  the  hull 
and  personnel)  and  a  specific  significant 
wave  height.  The  01' s  are  defined  such  that 
they  equal  1.0  in  a  seaway  so  benign  that 
the  operation  under  consideration  can  be 
carried  out  at  any  relative  heading  and  at 
any  speed  up  to  design  speed  (taken  to  be 
30  knots  for  all  of  the  hulls  evaluated) . 

For  more  severe  seaways,  the  01  is  frac¬ 
tional  :  and  when  the  seaway  becomes  suffi¬ 
ciently  severe  to  make  the  operation  unten¬ 
able,  the  01  is  zero.  For  instance,  an  01 
of  0.40  indicates  that,  in  the  seaway  to 
which  it  applies,  the  ship  under  considera¬ 
tion  can  perform  the  operation  being  evalu¬ 
ated  in  40  percent  of  the  possible  combina¬ 
tions  of  0  to  360  degrees  in  relative  head¬ 
ing  and  0  to  30  knots  in  ship  speed. 

Larger  01' s  are  considered  to  be  indi¬ 
cative  of  superior  seakeeping  because  they 
imply  that  the  "window"  in  which  the  opera¬ 
tion  considered  can  be  performed  will  be 
easier  to  locate  initially  and  thence  offer 
more  flexibility  in  the  speeds  and  headings 
at  which  the  operation  can  be  conducted. 

In  this  context.  Figures  13  through  16  indi¬ 
cate  that  the  displacement-scaled  versions 
of  Hull  21D  are  invariably  superior  to  their 
existing  counterparts.  It  can  also  be 
observed  that,  in  the  cases  for  which  four¬ 
way  comparisons  are  possible,  the  perfor¬ 
mance  of  the  3595t  Hull  21D/A  typically 
equals  or  exceeds  that  of  the  7948t  Hull  B, 
This  finding  raises  serious  questions  as  to 
the  validity  of  the  prevalent  conception  to 
the  effect  that  the  gross  size  of  a  hull 
is  the  primary  determinant  of  its  seakeep¬ 
ing  characteristics. 

Quantitative  comparisons  of  competing 
hulls  can  be  made  either  in  terms  of  01 
ratios  or  01  differences.  Ratio  comparisons 
are  logical  from  the  hydrodynamics  perspec¬ 
tive,  but  difference  comparisons  seem  more 
meaningful  from  the  viewpoint  of  ship  opera¬ 
tions  as  they  are  at  ilute  measures  of  gain 
or  loss  in  window  s...,e.  Ratio  comparisons 
for  the  A-hulls  in  4.0  m  waves  indicate  that 
the  superiority  of  Hull  21D/A  over  Hull  A 
ranges  from  50  percent  to  a  factor  of  eight. 
Factors  of  two  to  three  are  common.  Differ¬ 
ence  comparisons  for  the  same  data  show 
Hull  21D/A  to  be  superior  to  Hull  A  by  12 
to  51  percent.  Differences  between  20  and 
30  percent  are  prevalent. 

The  remainder  of  the  comparative  data 
(for  the  B-hulls  and  for  the  A-hulls  in 
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6.0  m  waves)  cannot  be  rationally  quantified 
because  it  contains  OX's  of  zero.  In  retro¬ 
spect,  a  5.0  ra  wave  height  would  have  been 
a  better  choice  to  evaluate  the  B-hulls  than 
the  6.0  m  actually  chosen.  In  any  case, 
the  superiority  of  Hull  21D/B  over  Hull  B 
is  evident  in  a  qualitative  sense  from 
Fig.  14,  15  and  16. 

The  foregoing  results  are  held  to 
demonstrate  necessary  conditions  for 
several  generalizations  of  the  results  which 
have  been  obtained  here.  The  direct  gener¬ 
alizations  are  with  respect  to  hull  dis¬ 
placement,  seakeeping  response  and  relative 
heading.  In  addition,  the  results  show 
that  a  hull  design  based  on  the  very  gener¬ 
alized  seakeeping  rank  estimator  developed 
here  can  exhibit  superior  seakeeping  per¬ 
formance  even  in  a  highly  specialized 
operational  scenario  involving  particular 
criteria.  Finally,  it  is  worthy  of  note 
that  the  superiority  of  the  Hull  21D 
variants  over  their  existing  counterparts 
is  well  in  excess  of  the  incremental 
improvements  so  frequently  associated  with 
ship  hydrodynamics. 

3.  OPTIMIZATION 

The  definition  of  Hull  21  (Appendix  C) 
was  a  very  simple  exercise  in  optimization. 
All  hull  parameters  in  and  associated  with 
the  seakeeping  rank  estimator  R  were 


assigned  the  data  base  extreme  values  that 
would  tend  to  maximize  it.  simple  algebra 
led  to  a  unique  solution.  In  a  realistic 
ship  design  environment,  it  must  be  expected 
that  some  parameters  will  be  fisjed  and  others 
tightly  constrained.  Then  the  R  equation 
will  be  overspecified.  There  will  not  nec¬ 
essarily  be  a  unique  solution,  and  obtaining 
any  viable  solution  will  require  more  elabo¬ 
rate  mathematics . 

Though  the  hull  form  constraints 
explicitly  imposed  to  define  Hull  21  were 
lax,  there  were  highly  restrictive  condi¬ 
tions  implicit  to  the  process.  These  were 
the  limitations  associated  with  the  defini¬ 
tion  of  seakeeping  rank,  i.e.,  selected  sea¬ 
keeping  responses  of  4300t,  destroyer-type 
hulls  in  long-crested,  head  seas.  The  imme¬ 
diately  preceding  section  demonstrated  nec¬ 
essary  conditions  for  relaxation  of  all  but 
the  destroyer  type  hull  limitation.  It 
also  showed  necessary  conditions  for  the 
practical  value  of  seakeeping  rank  in  the 
context  of  a  highly-specialized  operational 
scenario.  To  develop  a  utilitarian  opti¬ 
mization  technique,  we  must  go  beyond  the 
mathematics  of  overspecified  systems  of 
equations.  We  must  make  a  bold  assumption 
to  the  effect  that  all  of  the  generaliza¬ 
tions  for  which  necessary  conditions  have 
been  shown  are,  in  fact,  universally  appli¬ 
cable.  In  other  words,  we  must  assume  suf¬ 
ficient  conditions  where  only  necessary  con¬ 
ditions  have  been  demonstrated. 
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Fig.  12  Operability  Index  Comparisons  for 
Helicopter  Recovery  in  4.0m  Waves 
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Fig.  13  Operability  Index  Comparisons  for 
Helicopter  Support  in  4.0m  Waves 


Fig.  15  Operability  Index  Comparisons  for 
Helicopter  Recovery  ’n  6.0m  Waves 
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Fig.  14  Operability  Index  Comparisons  for 
Helicopter  Launch  in  6.0m  Waves 


Fig.  16  Operability  Index  Comparisons  for 
Helicopter  Support  in  6.0m  Waves 
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Even  given  this  assumption,  a  philoso¬ 
phical  dilemma  remains.  Having  shown  nec¬ 
essary  and  assumed  sufficient  conditions 
for  the  "practical  value"  of  seakeeping 
rank  in  a  specialized  situation  does  not 
imply  that  we  can  obtain  a  true  optimum  for 
any  particular  ship  mission.  The  formal 
optimization  is  strictly  in  terms  of  the 
rank  estimator.  The  assumption  only  implies 
that  optimization  of  R  will  yield  a  hull 
which  is  "good"  in  a  particular  scenario. 
Hull  21D  is  optimized  in  terms  of  R.  In 
terms  of  ability  to  support  helicopter 
operations,  we  only  know  that  it  is  good. 

With  the  above  commentary  in  mind,  it 
is  in  order  to  proceed  with  the  details  of 
optimization.  The  immediately  following 
section  outlines  an  appropriate  methodology. 
Then  this  methodology  is  exercised  to  dem¬ 
onstrate  its  capabilities  in  a  variety  of 
problems . 

3.1  Methodology 

The  optimisation  methgdology  must  be 
based  upon  the  estimator,  R,  of  seakeeping 
rank.  From  (3)  and  Table  4,  this  estimator 
can  be  written  as 

R  =  8.422+45.104  Cl_+10.078  C„- 
WF  WA 

-378.465  (T/L) +1.273  (c/L) 


-23.501  C^-15.875  (5) 

where  the  parameter  ranges  are  as  specified 
in  Table  4.  In  this  form,  the  estimator 
is  not  fully  responsive  to  the  restrictions 
likely  to  be  imposed  by  the  ship  design 
process  or  to  the  ultimate  requirement  that 
hull  lines  be  derived  from  it.  A  more  suit¬ 
able  form  can  be  obtained  by  expanding  the 
coefficients  of  (5}  into  their  constituent, 
dimensional  measures  of  hull  geometry. 

Then  the  estimator  is 

R  =  8.422+45.104  (2  A^/LBJ+lO.OyS 

(2  AWA/LB)-378.465(T/L)+1.273  (c/L) 
-23.501  (Vp/A^  T)-15.875 

(V^WA  <6> 

where  A^,  and  Awft  are  waterplane  areas 

forward  and  aft  of  amidships,  respectively; 
and  VF  and  are  displaced  volumes  forward 

and  aft  of  amidships,  respectively. 

The  assumption  of  generality  with  res¬ 
pect  to  displacement  can  be  used  to  write 
a  constraint  on  (6)  as 

A  =  P(VF  +  VA)  (7) 

where  A  is  displacement  and  p  is  the  den¬ 
sity  of  salt  water  in  t/m5.  It  should  be 
noted  that  this  constraint  uses  the  assump¬ 
tion  to  fix  displacement  at  a  specified 
value  for  a  particular  optimization  problem. 
This  is  thought  to  be  compatible  with  the 
fact  that  a  displacement  normalized  data 
base  was  used  to  quantify  (6)  and  with  the 
manner  in  which  sufficient  conditions  for 
generality  in  displacement  were  demon¬ 
strated. 


,-15.875  C, 


Using  A  as  specified  in  (7)  and  the 
dimensions  of  the  4300t  data  base  hulls 
from  Table  1,  the  limits  of  the  overall 
hull  dimensions  in  (6)  can  be  defined. 
Letting 

u  =  (-1 _ )  >/3  (£ 


these  are 


117.8  <  -  <  135.3  m 
-  y  - 


12.68  <  -  <  14.98  m 
-  u  - 


4-05  <  i  <  5.14  m  (9) 

These  displacement-generalized,  dimensional 
ranges  and  the  coefficient  ranges  in  Table 
4  combine  to  define  the  parameter  space  in 
which  optimization  can  be  performed  without 
extr aoolation . 

The  optimization  so  bounded  consists 
of  maximizing  R  as  defined  by  (6)  given  A 
as  relatd  to  (6)  by  (7)  and  subject  to  any 
consistent  combination  of  the  following 
constraints: 

L^<L<L2  or  L=Lq 
b11b1b2  or  B=Bq 
Tj£T<Tj  or  T=Tq 
c1ic<c2  or  c=cQ 

^WF^ 1— ^WF— (^WF^  2  °r  AWF=(AWF)0 
^AWA)1-AWA-{AWA)2  °r  *WA= <AWA5  0 

llV(V  2  °r  7F  =  ^F^  0 
'ViiW2  or  VA  =(Vo 

(CWF5  l-SfF-^WF^  °r  CWF=(CWF)0 

(CWA)1-CWA-CCWA) 2  or  CWA= (CWA>  0 
(T/L)1£T/L<{T/L>2  or  T/L=(T/L)0 

(c/L)1<c/L<(c/L)2  or  c/L= (c/L) Q 

(CVPF)1-CVPF-<CVPF)2  °r  CVPF={CVPF,0 
and 

(CVPA)1-CVPA-{CVPA)2  °r  CVPA=(CVPA}0  (10) 

where  a  parameter  magnitude  subscripted  2 
exceeds  that  subscripted  1  and  the  sub¬ 
script  0  indicates  a  specified  value. 

When  a  parameter  is  not  explicitly  con¬ 
strained  by  (10) ,  it  is  implicitly  con¬ 
strained  by  the  Table  4  coefficient  ranges 
or  by  the  hull  dimension  ranges  in  (9). 
Direct  constraint  of  the  parameters  c, 
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Awa,  Vf  and  VA  appears  unlikely  \o  be 

required,  but  including  them  adds  flexibil¬ 
ity  and  is  useful  for  subsequent  definition 
of  the  optimum  hull. 

The  optimization  problem  just  outlined 
is  amenable  to  solution  by<  nonlinear  pro¬ 
gramming  techniques.  Basically,  (6)  is 
taken  as  an  object  function  with  (7)  acting 
as  an  equality  constraint  thereon.  The 
nondimensionalized  estimator  (5)  functions 
as  a  variable  transformation  link  between 
(7)  and  related  constraints  from  (10). 

Then  the  parameters  in  (6)  (gnd,  effec¬ 
tively,  (5))  which  maximize  R  under  the 
specified  constraints  can  be  determined  by 
a  nonlinear  programming  algorithm.  The 
Augmented  Lagrangian  method  described  by 
Pierre  and  Lowe9  has  been  found  to  work 
well  for  the  problem  under  discussion. 

Even  given  an  intentionally  poor  initial 
estimate  of  the  optimum  parameters,  accept¬ 
able  convergence  occurs  in  less  than  10s 
of  CDC  6700  central  processing  unit  time. 

3.2  Examples 

The  most  intriguing  question  to  be 
explored  "by  example”  is  whether  or  not 
the  optimization  methodology  just  outlined 
can  lead  to  appreciable  seakeeping  improve¬ 
ments  in  a  heavily  constrained  case.  The 
first  example  presented  here  addresses  that 
question,  and  is  carried  through  a  limited 
verification.  Subsequent  examples  are 
treated  only  in  the  strict  context  of  opti¬ 
mization. 

For  che  initial  example,  we  will  con¬ 
sider  a  redesign  of  Hull  A  as  used  for  the 
generalization  effort  described  earlier. 

It  will  be  recalled  that  this  hull  has 
dimensions  of  124.4  x  13.8  x  4.52  m  and 
displaces  3595t.  The  Hull  A  coefficients 
relevant  to  the  seakeeping  rank  model  are 
=  0.615,  =  0.848,  T/L  =  0.0363, 

c/L  =  0.650,  CypF  =  0.720,  and  Cvpft  =  0.551. 
Hence,  from  {5} ,  its  estimated  seakeeping 
rank  is  R  =  6.2. 

The  redesign  will  take  the  dimensions 
and  displacement  of  Hull  A  to  be  fixed. 

Its  coefficents  will  be  allowed  to  vary 
over  limited  ranges  encompassing  their 
original  values.  Specifically,  6  in  (7)  is 
set  equal  to  3595t  and  (10)  is  written  as 
follows: 

L  =  124.4  m,  B  =  13.8  m,  T  =  4.52  m, 
0.58  <  <  0.68,  0.85  < 

<  G.90,  T/L  =  0.0363,  0.60  <  c/L 
£  0.80,  0.68  <  CWf<  0.80,  0.55 

£  Spa  i  °-65* 

Under  these  constraints,  the  nonlinear 
programming  solution  for  the  unspecified 
parameters  was  found  to  be  as  follows: 


Cwp  =  0.651,  CWA  =  0.850,  c/L  =  0.800, 

CVPF  =  0,68°»  and  CypA  =  0.550.  It  can  be 

noted  chat  the  last  three  parameters 
attained  the  "best"  values  within  their 
specified  ranges  in  the  sense  of  maximizing 

A 

R  in  (5).  On  the  other  hand,  C^A  was 
driven  to  its  worst  value,  and  was 

assigned  an  improved  value  intermediate  to 
its  range. 

The  redesigned  version  of  Hull  A,  say 
Hull  AX,  has  R  =  8.9.  This  represents  ah 
improvement  of  over  40  percent  in  R,  and 
is  certainly  encouraging  for  an  optimiza¬ 
tion  limited  to  hull  form  changes.  To 
explore  its  dimensional  significance,  a 
Lewis  section  model  of  Hull  AX  was  developed 
in  the  same  manner  as  done  earlier  for  Lull 
21  (see  Appendix  C) .  The  head  sea,  sea¬ 
keeping  responses  of  Hull  A  and  of  Hull  AX 
were  then  computed  using  the  same  procedures 
applied  previously  to  construct  the  data 
base;  and  the  responses  of  the  two  hulls 
were  compared. 

Excepting  minor  reversals  at  low  modal 
period  and  relative  motion  at  the  stern, 

Hull  AX  was  increasingly  superior  to  Hull  A 
as  ship  speed  increased.  In  the  case  of 
relative  motion  at  the  stern,  Hull  A  was 
slightly  superior  to  Hull  AX  at  low-to-mod- 
erate  speeds,  but  the  comparison  reversed 


it.i  .«•  ff.i 

*•  • 

Fig.  17  Representative  Comparisons  between 
Hull  A  and  Hull  AX  at  20  Knots  in 
Waves  of  5.0m  Significant  Height 
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at  high  speed.  The  degree  of  difference 
between  the  two  hulls  was,  of  course,  less 
than  found  in  earlier  comparisons  between 
Hull  21  and  others.  Figure  17  illustrates 
this.  Here  (Ng}3  is  the  number  of  slams 

P®**  hour  at  Statron  2,  and  all  other  nota* 

Table  5  Optimization  of  a  Small  Frigate 
Hull 


tion  is  as  previously  introduced.  It  can 
be  observed  that  reversals  in  slamming  do 
not  occur  at  low  modal  periods.  The  failure 
of  this  tendency  to  appear  as  it  did  in 
earlier  comparisons  based  on  Hull  21  is 
attributable  to  the  fact  that  the  drafts  of 


Table  7  Optimization  of  a  6177t  Destroyer 
Hull 


**r***te,:  Constraint  « _ 

4,  t 

2500 

2500. 

nutter 

A,  t 

Constraint 

6177 

Solution 

5177 

L,  a 

U0  to  115 

115. 

L,  a 

132 

132 

B,  a 

11  to  13 

11.6 

B,  * 

16.48 

16.48 

T,  a 

3.5  to  4.0 

3.50 

T,  * 

5.191 

5.191 

e,  a 

— 

71.5 

c,  a 

— 

92.4 

*WF*  »2 

- - 

435.1 

*BP’  *2 

- - 

739.6 

1,2 

— 

635.9 

*ua‘  -2 

— 

1033.3 

V-3 

— 

989.9 

v3 

— 

2687.5 

V  -3 

— 

1446.8 

v  *3 

_ 

3331.0 

CKF 

0.55  to  0.65 

0.650 

A 

Sjt 

0.57  to  0.68 

0.680 

0.88  to  0.95 

0.950 

0.90  to  0.95 

0.950 

T/t 

- - 

0.0304 

T/L 

— 

0.0393 

e/L 

0.60  to  0.65 

0.622 

c/L 

0.60  to  0.70 

0.700 

CVPF 

0.65  to  9.75 

0.650 

Smr 

0.70  to  0.80 

0.700 

Sr* 

0.65  to  0.69 

0.650 

Spa 

0.60  to  0.70 

0.621 

i 

— 

11.0 

t 

- - 

8.A 
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Table  8  Optimization  of  a  Cruiser  Hull 


Ptroetcr 

Constraint 

Solution 

Paraatter 

A.  t 

6119 

611  i 

A#  t 

Constraint 

10000 

Solution 

10000 

L,  » 

132 

132. 

L,  a 

156  to  160 

160. 

*•  a 

17.40 

17.40 

* 

17  to  It 

19.0 

T.  » 

5.120 

5.120 

T,  m 

6.0  to  6.5 

6.40 

Ci  a 

—— 

92.4 

C,  a 

— 

101.4 

*vr‘  * 

* - 

780.3 

*»•  *2 

— 

896.8 

*8A*  * 

— 

1033.0 

.  2 

Ntt*  * 

— 

1307.2 

V 

— 

2794.3 

v*3 

— 

4306.4 

V" 

— 

3169.6 

v-3 

— 

5440.2 

Sr 

0.57  to  0.68 

0.679 

0.57  to  0.59 

0.590 

°VA 

0.90  to  0.9S 

0.900 

Su 

0.84  to  0.86 

0.860 

T/t 

— 

0.0380 

T/L 

— 

0.0400 

c/L 

0.60  to  0.70 

0.700 

c/L 

0.60  to  0.6S 

0.634 

0.70  to  0.80 

0.700 

COT 

0.75  to  0.80 

0.750 

Spa 

0.60  to  0.70 

0.600 

Sr* 

0.65  to  0.69 

0.650 

i 

— 

8.4 

i 

— 

1.4 
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Hull  A  and  Hull  AX  are  identical. 

Generally#  then,  the  comparisons 
between  Hull  A  and  Hull  AX  are  very  much 
as  expected  given  the  validity  of  the  vari¬ 
ous  assumptions  and  procedures  used  to 
define  the  latter  hull.  Further,  the  com¬ 
parison  indicates  that  appreciable  seakeep¬ 
ing  improvements  can  be  realized  in  the 
presence  of  rather  severe  constraints. 

This  is  considered  to  be  a  vital  result  in 
the  context  of  practical  applications. 

The  second  example  to  be  presented 
concerns  optimization  cf  a  small  (2500t) 
frigate.  Both  the  principal  dimensions  and 
the  coefficients  are  allowed  moderate  vari¬ 
ability,  but  the  afterbody  parameters  are 
constrained  in  such  a  manner  as  to  admit  a 
full  transom/appendage  skeg  configuration. 
Table  5  presents  the  details  of  the  example. 
Inspection  of  this  table  indicates  that  bgst 
values  (again  in  the  sense  of  maximizing  R  ) 
were  attained  for  all  coefficients  except 
c/L.  The  estimated  seakeeping  rank  reflects 
the  liberal  constraints  by  attaining  a  value 
of  11.0.  (Values  of  R  exceeding  its  nominal 
maximum  value  of  iO.O  are  not  uncommon  in 
lightly  constrained  problems.  Hull  21D, 
constrained  only  by  the  data  base  ranges, 
has  R  =  13.5.) 

The  third  and  fourth  examples  both 
concern  optimization  of  a  destroyer  dis¬ 
placing  about  6100t.  Both  examples  admit 
modest  coefficient  variability,  but  fix 
principal  dimensions.  Coefficient  ranges 
for  the  two  examples  are  identical,  but  the 
principal  dimensions  and  displacement  differ 
slightly.  The  results,  presented  in  Table 
6  and  7,  indicate  that  the  optimization 
process  is  sensitive  to  the  perturbation  in 
hull  dimensions.  In  the  first  case  (Table 
6,  A  -  6119t) ,  is  compromised.  In  the 

second  case  (Table  7,  a  =  6177t) ,  C  is 
compromised.  In  spite  of  these  differences, 
R  is  the  same  (8.4)  for  the  two  examples. 

The  fifth,  and  final,  example  presented 
concerns  a  10,000t  cruiser.  Both  principal 
dimensions  and  coefficients  are  allowed  to 
vary,  but  the  ranges  are  selected  to  be 
poor  ones  from  the  perspective  of  seakeep¬ 
ing.  Table  8  summarizes  this  example. 

The  evident  moral  of  the  ultimate  result, 

R  s  1.4,  is  that  external  constraints  can 
obviate  the  value  of  optimization.  One 
must  be  cognizant  of  seakeeping  from  the 
beginning  of  the  design  process  in  order 
to  avoid  imposition  of  constraints  which 
preclude  good  seakeeping. 

4.  DISCUSSION 

The  modeling  described  here  is  funda¬ 
mentally  intuitive.  Quantification  and 
generalization  of  the  model  are  empirical. 
Complete  reliance  is  placed  upon  analytical 
predictions.  Major  assumptions  are  required 
to  apply  the  results  obtained  to  realistic 
optimization  problems. 

Intuition  and  empiricism  stand  in  lieu 
of  causal  knowledge.  Such  knowledge  of 
seakeeping  exists  only  from  hull  geometry 
to  motions.  The  reverse  path  is  nonunique; 


and  therefore,  more  difficult  to  follow. 
However,  it  is  the  path  which  must  be  taken 
to  provide  a  causal  basis  for  optimization. 

If  a  solution  to  the  reverse  problem 
existed,  we  could  specify  motion  require¬ 
ments  and  synthesize  the  hull  geometries 
which  satisfied  them  in  a  fully-ratiohal 
manner.  Lacking  such  a  solution,  we  are 
driven  to  employ  intuition  and  empiricism. 

There  is  no  reason  to  believe  that 
hydrodynamic  theory  respects  the  tiaditional, 
naval  architecture  coefficients.  However, 
those  employed  here  were  rationalized  from 
consideration  of  Lewis  section-based,  strip 
theory  representations  of  hull  geometry. 

That  tenuous  link  may  provide  rudimentary 
insights  into  the  causal  nature  of  the 
synthesis  problem. 

Linear  strip  theory  is,  of  itself, 
marked  by  a  number  of  intuitive  and/or 
empirical  features.  Yet,  it  has  become  the 
standard  by  which  more  rational  ship  motion 
theories  are  validated.  For  destroyer- type 
hulls,  at  least  those  without  large  bow 
domes,  linear  strip  .theory  seems  very  capa¬ 
ble  of  predicting  hull-to-hull  trends  which 
are  of  sufficient  magnitude  to  be  of  prac¬ 
tical  importance. 

Linear  superposition  works  unbelievably 
well.  Even  in  conditions  for  which  our 
senses  tell  us  nonlinearities  must  exist, 
it  produces  useful  statistics.  There  are, 
of  course,  limits;  but  they  appear  to  lie 
primarily  in  the  realm  of  seaway  surviv¬ 
ability  rather  than  that  of  operability 
and  habitability  which  is  of  concern  here. 

Two  detailed  reservations  about  the 
analytical  procedures  employed  must, 
however,  be  expressed.  One* concerns  rela¬ 
tive  motion.  The  other  concerns  the  sea? 
keeping  characteristics  of  Hull  21D. 

Except  in  synthesizing  the  above-water 
bow  design  for  Hull  213..  relative  motion 
has  been  treated  as  though  it  was  a  purely 
kinematic  response,  i.e.,  it  has  been 
defined  to  be  the  vector  sum  of  absolute 
ship  motion  and  incident  wave  elevation. 

The  absolute  accuracy  of  these  kinematic 
predictions  is  significantly  lower  than  for 
the  principal,  modal  motions  or  for  truly- 
kinematic  responses  such  as  acceleration. 
However,  stringently-limited  experimental 
data  indicates  that  the  nonkinematic  compo¬ 
nents  of  relative  motion  are  not  extremely 
sensitive  to  local  geometry  within  a  homo¬ 
geneous  class  of  hulls.  An  assumption  to 
this  effect  is  implicit  to  the  viability  of 
the  relative  notion  trends  established  here. 

The  author  is  not  altogether  comfortable 
with  such  an  assumption,  out  can  offer  noth¬ 
ing  better  at  the  current  state  of-the-art. 
More  satisfactory  methods  for  both  comput¬ 
ing  and  measuring  relative  notion  are, 
however,  emerging.  As  these  methodologies 
are  validated,  their  application  to  identi¬ 
fication  of  trends  with  hull  geometry 
should  be  a  high-priority  research  area. 

It  would  seem  that  the  range  of  appli¬ 
cability  of  a  fully  rational  theory  could 
be  rationally  bounded,  when  empiricism  is 
involved,  as  has  been  noted  to  be  the  case 
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with  the  linear  strip  theory  used  here,  one 
is  forced  to  question  the  unusual  result. 

The  computed  seakeeping  characteristics  of 
Hull  21D  constitute  an  "unusual  result"  in 
that  they  imply  improvements  over  existing 
hulls  which  can  be  interpreted  as  factors 
rather  than  percentage  points.  Accordingly, 
an  experimental  verification  of  the  computed 
seakeeping  responses  of  Hull  21D  is  in  order. 

A  physical  model  of  Hull  21D  has  been 
constructed,  and  an  experiment  was  performed 
with  it  while  this  document  was  being  pre¬ 
pared:  see  the  F-~ntispiece.  Preliminary 
results  from  the  experiment  indicate  that 
Hull  21D  performs  as  well  in  water  as  on 
paper.  Local  correlations  between  theory 
and  experiment  differ  slightly  from  those 
typical  of  more-conventional,  destroyer- type 
hulls;  but  the  overall  level  of  correlation 
appears  to  be  comparable.  The  complete 
results  of  the  experiment  will  be  the  sub¬ 
ject  of  a  future  publication. 

Bounding  the  implications  of  the 
assumptions  made  in  order  to  treat  real¬ 
istic  optimization  problems  will  require 
much  experience  with  applications,  further 
work  of  the  type  pursued  here,  and/or  the 
introduction  of  second-generation  optimiza¬ 
tion  technologies.  In  the  interim,  it 
should  be  evident  that  what  has  been 
developed  is  not  a  methodology  for  the 
casual  practitioner  to  apply  by  rote. 

Rather,  it  is  a  tool  for  the  studied  pro¬ 
fessional  who  can  reject  an  analytically- 
correct  result  which  is  wrong  quite  as 
easily  as  accepting  one  which  is  right. 

5.  CONCLUSION 

Given  appropriate  attention  to  the 
limitations  just  discussed,  the  results 
presented  here  provide  a  viable  basis  for 
early-design  synthesis  of  destroyer-type 
hulls  with  superior  seakeeping  performance. 


APPENDIX  A 


SELECTION  OF  PARAMETERS  FOR 
THE  GENERAL  MODEL 


This  appendix  outlines  the  rationale 
which  led  to  selection  of  parameters  for 
the  general  model  relating  hull  fora  to 
seakeeping.  In  accord  with  the  philosophy 
set  forth  in  the  text,  the  discussion 
treats  three,  basic  sets  of  descriptors: 
those  of  the  waterline,  of  the  underwater 
profile,  and  of  sectional  fullness. 

Further,  the  descriptors  are  treated  sepa¬ 
rately  for  the  forebody  and  for  the  after¬ 
body. 

With  respect  to  the  waterline,  the 
prominence  of  waterplane  coefficient  forward 
of  amidships  has  already  been  remarked  upon. 
The  fullness  of  the  afterbody  waterplane 
is  also  relevant.  Though  its  effect  is 
neither  as  dramatic  nor  as  consistent  as 
that  of  its  forward  counterpart,  an  overall 
tendency  for  increases  in  after  waterplane 
coefficient  to  improve  seakeeping  is  antici¬ 
pated.  The  influence  of  beam  appears  to  be 


very  minor  within  ship  class  limits. 

Transom  width  was  dismissed  in  the  text. 
Hence,  the  waterline  will  be  described  by 
two  parameters:  waterplane  coefficient 
forward  of  amidships,  C^;  and  waterplane 
coefficient  aft  of  amidships,  CWA* 

Draft  to  length  ratio  provides  an 
overall  bound  on  a  ship's  underwater  pro¬ 
file,  and  appears  to  be  a  significant  para¬ 
meter  from  the  perspective  of  seakeeping. 
Contrary  to  "common-sense"  arguments 
regarding  the  effect  of  draft  on  bottom 
slamming,  reductions  in  this  parameter 
appear  to  improve  overall  seakeeping  in 
head  seas.  Bottom  slamming  per  se  may  be 
reduced  or  stabilized  by  reductions  .in 
relative  motion  attendant  to  reductions 
in  draft- to-length  ratio. 

The  discussion  of  the  seakeeping  char¬ 
acteristics  of  ships  with  and  without  tran¬ 
soms  which  is  presented  in  the  text  implies 
that  special  consideration  must  be  given  to 
the  underwater  profile  characteristics  of 
the  afterbody.  This  can  be  done  in  terns  of 
the  location  of  the  cut-up  point,  i.e. ,  the 
longitudinal  location  at  which  draft  begins 
decreasing  to  accommodate  propulsion  gear. 
Taking  L  to  be  ship  length  between  perpen¬ 
diculars  and  c  to  be  the  distance  from  the 
forward  perpendicular  to  the  cut-up  point, 
we  can  characterize  the  location  of  the  cut¬ 
up  point  by  c/L.  This  parameter  will  be 
referred  to  as  the  "cut-up  ratio."  The 
cut-up  ratio  is  typically  smaller  for  ships 
with  transoms  than  for  ships  without  tran¬ 
soms.  Hence,  it  is  anticipated  that  sea¬ 
keeping  will  improve  as  the  cut-up  ratio 
increases. 

Other  underwater  profile  parameters 
which  might  be  considered  include  trim, 
forefoot  and  stem  characteristics,  and 
transom  depth.  These,  however,  are  thought 
to  be  of  secondary  importance.  Hence, 
underwater  profile  will  be  characterized 
by  two  parameters:  draft- to-length  ratio, 
T/L,  where  T  is  draft  amidships;  and  cut-up 
ratio,  c/L. 

The  vertical  prismatic  coefficient 
appears  to  be  the  naval  architecture  coeffi¬ 
cient  best  correlated  with  our  normal  per¬ 
ception  of  sectional  fullness.  For  the 
forebody,  it  is,  in  fact,  an  excellent  mea¬ 
sure  of  this  quality;  and  appears  to  have 
a  rather  consistent  effect  on  seakeeping 
in  head  waves.  Fine  forebedy  sections,  as 
represented  by  a  small  vertical  prismatic 
coefficient  forward  of  amidships,  lead  to 
good  seakeeping  in  terms  of  both  motions 
and  minimal  bottom  slamming  loads. 

Aft  of  amidships,  the  utility  of  the 
vertical  prismatic  coefficient  is  less 
well-defined.  Two,  related  factors  cloud 
the  issue.  These  are  the  cut-up  ratio 
and  skeg  type.  As  a  convention,  the  author 
interprets  integral,  displacement  sksgs  as 
part  of  the  hull  for  purposes  of  computing 
hydrostatic  and  hull  form  characteristics. 
Appendage  skegs  are  neglected  for  these 
same  computations.  Thus,  for  transom  stern 
ships  in  particular,  integral  displacement 
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skegs  produce  larger  cut-up  ratios  them  do 
appendage  skegs.  Further,  an  integral 
displacement  skeg  will  lead  to  a  much 
scalier  sectional  area  coefficient,  i.e., 
a  "finer"  section,  than  will  an  appendage 
skeg  for  an  otherwise  identical  section. 

The  afterbody,  vertical  prismatic 
coefficient  integrates  out  much  of  this 
detail,  and  cannot  be  said  to  provide  a 
rigorous  indicator  of  sectional  fullness 
for  classes  of  ships  which  may  have  either 
appendage  or  integral  displacement  skegs. 
However,  it  is  accepted  here  as  the  best 
available,  simplistic  measure  of  sectional 
character  aft  of  amidships.  Tor  classes 
of  ships  with  conventional  sterns,  full 
after  sections  have  been  found  to  offer 
some  advantage  in  seakeeping,  it  is, 
therefore,  hypothesized  that  increasing 
vertical  prismatic  coefficient  aft  of  amid¬ 
ships  may  improve  seakeeping  in  the  more 
general  case  of  concern  here. 

The  parameters  selected  to  represent 
sectional  fullness  are,  then,  the  vertical 
prismatic  coefficient  forward  of  amidships, 

CypF'  an^  verfi-cal  prismatic  coefficient 
aft  of  amidships,  Cvp,. 

APPENDIX  B  SELECTION  OF  RESPONSES  AND 

OPERATING  CONDITIONS  FOR  THE 
DATA  BASE  COMPUTATIONS 

Responses  and  operating  conditions 
must  be  selected  in  light  of  the  general 
definition  of  the  seakeeping  rank  index.  A, 
which  is  given  in  the  text.”  Briefly,  this 
definition  requires  that  the  vertical  plane 
responses  upon  which  performance  criteria 
are  likely  to  be  based  be  considered;  and 
that  a  comprehensive  range  of  operating 
conditions  be  evaluated.  Operating  condi¬ 
tions  are  interpreted  to  include  both  the 
seaway  and  ship  speed; 

Destroyer- type  hulls  are  subject  to 
performance  criteria  associated  with  per¬ 
sonnel,  subsystems  and  the  hull  per  se. 
Subsystems  prominent  in  this  context  are 
sensors  (sonar  and  radar} ,  helicopters, 
guns,  and  missile  launchers.  The  vertical- 
plane  seakeeping  responses  upon  which  such 
criteria  may  be  based  include  pitch, 
kinematic  responses  (absolute  and  relative 
motions,  velocities,  and  accelerations}  at 
specific  points,  and  discrete  events  such 
as  slashing  and  deck  wetness.  The  effort 
here  is  to  select  as  small  a  representative 
set  as  possible. 

Pitch  criteria  are  used  both  for  per¬ 
sonnel  and  for  helicopter  operations. 

Hence,  pitch  should  be  considered.  Heave, 
the  other  modal  motion  of  concern  in  the 
head-wave  case,  appears  to  have  no  criterion 
related  use.  However,  in  view  of  its  fun¬ 
damental  role  in  determining  the  various 
responses  of  direct  concern  it  seems  that 
heave  should  be  included. 

Kinematic  responses  are  involved  in 
all  the  major  criteria  areas.  Applicable 
locations  are  often  a  function  of  subsystem 
arrangements,  and  can  only  be  approximated 


here.  Absolute  motion  will  be  considered 
at  the  stern  where  it  influences  towed 
array  work.  Relative  motion  will  be  con¬ 
sidered  both  at  the  bow  and  at  the  stern. 

At  the  bow,  this  response  influences  deck 
wetness  and  slamming;  and  controls  the 
emergence  of  hull-mounted  sonar  domes. 

At  the  stem,  this  response  can,  like 
absolute  motion  at  the  same  J.cc-  * 
influence  towed  array  work.  In  addition, 
it  controls  propeller  emergence.  Absolute 
velocity  is  used  to  establish  criteria  for 
helicopter  landing  and  for  weapon  firing. 

It  should  be  considered  at  a  representative 
location  in  way  of  the  after  quarter  point. 
Acceleration  criteria  are  applicable  to 
personnel  and  to  a  variety  of  subsystems. 
Forebody  locations  are  critical,  and  it  will 
be  assumed  teat  an  adequate  representation 
can  be  obtained  by  considering  this  response 
at  the  longitudinal  center  of  buoyancy  loca¬ 
tion  (heave  acceleration}  and  at  the  for¬ 
ward  perpendicular. 

Four  discrete  events  upon  which  criteria 


can  be  based  were  mentioned  in  the  context 
of  kinematic  responses.  These  were  deck 
wetness,  slamming,  dome  emergence,  and  pro¬ 
peller  emergence.  Since  freeboard  is  not 
considered  it  this  investigation,  direct 
evaluation  of  relative  motion  at  the  bow  is 
the  best  approach  available  for  incorporat¬ 
ing  consideration  of  deck  wetness.  For  the 
other  cited  events,  draft  is  analogous  to 
freeboard  in  deck  wetness;  so  more  elaborate 
options  are  available.  Since,  as  noted  in 
Appendrx  A,  the  author's  preconception  as 
to  the  effect  of  draft-to-length  ratio  on 
seakeepirg  performance  contradicts  common- 
sense  arguments  as  to  the  effect  of  draft 
on  slamming,  adopting  a  mere  elaborate 
option  for  this  event  appears  wortmthile. 

A  suitable  option  ccn  be  derived  free 
the  state-of-the-art  relationship  for  prob¬ 
ability  of  occurrence  of  bottom  slamming  if 
we  define  a  slamming  incidence  parameter. 


Cs  = 
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Here  T  is  draft,  *2/3  and  1^/3  are  £^se  si9“ 

rificant  single  amplitudes  of  relative 
motion  and  relative  velocity,  respectively, 
(i^)  j  ,-3  is  significant  wave  height,  and  rfc 

is  tnreshold  relative  velocity  as  defined 
by  Ochi 3 .  The  formulation  must  he  refer¬ 
enced  to  a  particular  location.  Again  fol¬ 
lowing  Ochi,  Stai  'on  3  wil*  be  used  here. 

Equation  (4}  of  the  text  provides  the 
relationship  between  C  as  defined  above  tee 
probability  of  occurrence  of  bottom  s landing. 

As  to  operating  conditions,  a  speed 
range  from  5  to  30  knots  is  thought  to 
provide  good  coverage.  Destroyer-type  hulls 
typically  have  design  speeds  on  tee  order 
of  30  knots,  and  5  knots  can  be  taken  as  a 
threshold  of  contrc liability,  Destroyer- 
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type  hulls  of  the  size  under  consideration 
here  are  expected  to  experience  maximum 
responses  in  waves  of  3  to  12s  modal  period. 
Available  wave  statistics  for  the  North 
Atlantic,  an  operational  area  typically 
specified  for  such  halls,  indie- te  that  the 
balk  of  the  seaways  which  occur  there  have 
characteristic  periods  in  the  range  from 
o  to  14s.  Hence,  the  latter  wave  period 
range  provides  adequate  coverage  both  in 
terns  of  the  natural  environment  and  the 
characteristics  of  the  hulls  being  inves¬ 
tigated  - 


APPENDIX  C  DEFINITION  OF  HULL  21 

The  objective  here  is  to  define  a  hull 
which  maximizes  estimated  seakeeping  rank, 
S,  as  defined  in  the  text,  within  the  para¬ 
metric  limits  of  the  data  base  hulls.  It 
follows  froa  inspection  of  Table  4  that 
this  hull  (designated  Hull  21)  should  have 
the  following  characteristics: 


^  *WF 

CWF  “  -bF  "  °-698 
2  *WA 

“  BL  ~  0.922 


T/L  =  0.0315 


e/L  =  0.B52 


A*,'  XJr  -  l>-667 


=  =  0.551 


CVPA  *  A.  "t 


where 


respectively,  the 


waterplane  areas  forward  and  aft  of  amid¬ 


ships:  .  j.  ««  »  *«y«ww**c* Jf  #  v»*o 

placed  volumes  forward  and  aft  of  amidships; 
and  all  other  notation  is  as  previously 
defined.  In  addition  to  the  foregoing,  we 
must  add  the  fixed  displacement  relation¬ 
ship 


are,  respectively,  dis- 


The  unknowns  are  L,  B,  T,  c,  A^,  Pp, 

and  »£.  By  assigning  a  value  to  any  one  of 
those  unknowns,  the  seven  equations  can  be 
solved  simultaneously  for  the  remaining 
unknowns.  As  we  are  dealing  with  a  con¬ 
stant  Froude  number  data  base,  an  advantage 
in  absolute  ship  speed  accrues  with 
increasing  ship  length.  It  is,  accordingly, 
logical  to  assign  ship  length  its  maximum, 
data  base  value,  i.e. ,  L  =  135.8  a.* 

With  L  =  135.8  m,  (Cl)  and  CC2)  yield 
the  following  values  for  the  remaining 
seven  unknowns:  T  =  4.28  n,  c  =  115.43  m, 

B  =  14. 72  s.  A™.  =  637.64  a2. 


ArfA  =  921.53  m* ,  =  2021. 4S  a3  and 

”,  =  2173.23  a1 .  -Shis  is  all  the  inforaa- 
A  „ 

tion  which  the  R  predictor  can  provide. 

It  remains  to  distribute  local  beams,  drafts, 
and  sectional  areas  within  the 
135.8  x  14.72  x  4.28  a  prism  in  such  a 
manner  that  the  derived  area  and  voluae 
conditions  are  satisfied. 

An  iterative  procedure  was  employed  to 
distribute  local  hall  characteristics. 

Initial  distributions  of  beam,  draft  and 
sectional  area  coefficient  were  postulated. 
The  three  were  multiplied  to  obtain  sec¬ 
tional  area;  and  integrations  over  length 
were  performed  to  determine  waterplane 
areas  and  displaced  volumes  The* results 

of  the  integrations  were  compared  to  the 
desired  values,  and  the  initial  distribu¬ 
tions  were  modified  as  deemed  necessary  to 
reduce  the  discrepancies  found.  On  the 
fourth  such  iteration,  the  distributions 
Shown  in  Figure  Cl  were  obtained;  and 
judged  to  be  adequate. 

In  Figure  Cl,  b  is  local  beam,  t  is 
local  draft,  A  is  local  sectional  area,  and 
A^  is  the  maximum  value  of  A.  Bence,  A/bt 

is  sectional  area  coefficient.  Obtaining 
the  desired  coefficients  seemed  to  lead  to 
a  counter  stem  configuration  with  an 
integral,  displacement  skeg  as  sketched  in 
the  t/T  plot  included  in  Figure  Cl.  The 
coefficients  corresponding  to  the  distribu¬ 
tion  of  local  characteristics  shown  bv  the 
figure  are  reported  in  the  text. 

APPENDIX  D  DETAILED  DESIGN  OF  HULL  21 


p  (»p  *  »A)  =  4300  (C2) 

where  p  is  the  density  of  salt  water  in 
t/n’ .  Data  base  limits  for  the  hull  dimen¬ 
sions  intrinsic  to  (Cl)  can  be  read  from 
Table  1.  They  are: 

117.8  «  L  <  135.8  m 

12.68  <  B  <  14.98  n 


The  preceding  appendix  provides  only 
a  crude  definition  of  Hull  21.  Here,  this 
definition  is  taken  as  a  starting  point  to 
derive  complete  lines,  including  those  of 
the  above-water  hull,  and  appendage  details. 
For  underwater  hull  design,  the  guidelines 
adopted  were  to  preserve  the  characteristics 
defined  by  the  preceding  appendix  as  well 
as  possible  while  minimizing  penalties  in 


4.05  «  T  <  5.14  s 

Equations  (Cl)  and  (C2)  constitute  a 
set  of  seven  equations  in  eight  unknowns. 


*  It  can,  in  fact,  be  shewn  that  ,  in  order 
to  obtain  all  of  the  desired  coefficients 
while  maintaining  B  and  1  within  their  data 
base  ranges,  L  must  exceed  134.4  n. 
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resistance.  Freeboard  requirements  computed 
in  accord  with  the  procedure*  which  the 
author  developed  for  that  purpose  were  used 
to  aid  in  development  of  lie  above-water 
hull-  Bilge  keels  were  sited  using  the 
procedure  outlined  by  Cox  and  Lloyd*. 

Rudders  size  was  selected  largely  on  the 
basis  of,  precedent  established  by  past 
designs  with  acceptable  maneuvering  charac¬ 
teristics  . 

Freeboard  specification  was  undertaken 
first  as  these  data  were  needed  to  fair-oat 
the  underwater  hull  lines.  Required  free¬ 
boards  for  Stations  0  through  6  were  com¬ 
puted  using  the  sane  Lewis  section  represen¬ 
tation  of  Hull  21  which  was  employed  for  the 
verification  work  described  in  the  text. 

The  requirements  so  determined  were  unusu¬ 
ally  high  for  a  hull  of  the  length  under 
consideration.  This  -was  foreseeable. 


»  1»  W  V*  12  10  •  S  4  2  0 
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Pig.  Cl  Local  Characteristics  of  Hull  21 


Good  underwater  hull  characteristics  from 
the  perspective  of  seakeeping  require  high 
freeboards  to  “balance"  the  ship. 

Subsequent  to  publication  of  Reference 
4,  the  author  initiated  development  of  a 
procedure  for  optimizing  freeboard  under 
circumstances  such  as  the  one  just  described 
for  Hull  21.*  The  technology  necessary  for 
the  optimization  procedure  was  not  fully 
developed  at  the  time  the  work  under  dis¬ 
cussion  was  performed.  However,  enough 
preliminary  results  had  been  obtained  to 
suggest  that  the  required  freeboards  could 
be  slightly  reduced  without  incurring 
serious  degradation  due  to  deck  wetness. 

In  view  of  these  circumstances,  it  was 
decided  to  risk  a  simple,  speed  weighting 
of  the  computed  freeboard  requirements. 

The  weighting  emphasized  speeds  in  the  15 
to  25  knot  range.  Figure  Dl  compares  the 
resultant  freeboard  requirements  to  a  sheer 
line  representative  of  present-day  design 
practice. 

Maximization  of  required  freeboard  at 
a  location  aft  of  the  stem,  as  seen  in 
Figure  Dl,  is  a  typical  result  of  the  meth¬ 
odology  employed.  It  occurs  because  the 
nonkinematic  components  of  relative  motion 
are  considered.  For  Hull  21D,  it  was 
decided  to  use  a  sheer  line  which  followed 
this  trend,  i.e«,  to  maximize  freeboard 
near  Station  1  rather  than  at  the  stem. 
Justifying  such  a  reflexive  sheer  line  in 
traditional  Naval  Architecture  terms  would 
be  difficult.  However,  it  was  thought  that 
this  type  of  sheer  line  would  reduce  the 
blockage  effect  of  the  hull  on  some  ship¬ 
board  sensors;  and  that  the  combination  of 
hydrodynamic  and  combat  capability  ratio¬ 
nales  provided  sufficient  justification 
to  explore  the  reflexive  sheer  line- 

It  was  also  decided  to  flare  the  above¬ 
water  hull  sections'  up  to  a  full-length 
knuckle.  There  were  several  reason  for 


Fig.  Dl  Required  and  Design  Practice  Free¬ 
boards  for  Hull  21 


*  This  procedure  will  be  the  subject  of  a 
future  publication. 


bhta.  Prom  tha  hydrodynamic  viewpoint,  the 
author  fait  that  auoh  stations  might  lead 
to  "favorable"  nonlinaaritias,  i.a.,  to 
reductions  in  rasponaa  par  unit  wava  height 
with  incraaaing  wava  height.  Flared  aac- 
tiona  are  alao  attractive  from  the  perspec- 
tiva  of  atability.  In  addition,  it  appeared 
that  the  atern  aactiona,  if  not  flared, 
would  require  a  rather  hard  radiua  juat 
below  the  waterline.  Finally,  a  flare  and 
knuckle  bow  configuration  waa  thought  to  be 
desirable  in  the  context  of  minimizing 
deck  wetness  associated  with  bow  wave 
profile  overtopping  at  high  speeds. 

Preliminary  sketches  indicated  that 
it  was  probably  possible  to  obtain  the 
desired  afterbody  parameters  using  a  tran¬ 
som  stern  configuration.  However,  the 
lines  required  to  obtain  such  a  configura¬ 
tion  seemed  rather  forced.  It  was,  thus, 
decided  to  use  the  counter  stern/integral, 
displacement  skeg  configuration  to  which 
it  was  felt  that  the  original  definition 
of  Hull  21  had  been  leading. 

In  addition  to  producing  more  natural 
lines,  choosing  the  counter  stern  opened 
some  intriguing  possibilities  in  the  con¬ 
text  of  resistance.  It  seemed  possible 
that  change  of  level  at  the  stern  might 
cause  transom  immersion  at  high  speeds. 

This,  it  was  rationalized,  could  reduce 
high-speed  resistance  due  to  both  the  tran¬ 
som  effect  and  the  reduction  in  Froude 
number  occasioned  by  the  accompanying 
increase  in  waterline  length.  Lacking  a 
priori  knowledge  of  the  trim  and  sinkage 
characteristics  at  the  hull,  these  possi¬ 
bilities  could  not  be  pursued  in  detail. 
However,  it  was  decided  to  draw- in  a  dis¬ 
tinct  "appendage  transom"  to  expedite 
future  explorations. 

Detailed  lines  were  developed  under 
the  foregoing  constraints.  The  waterline 
was  laid  down  first,  and  it  was  determined 
that  a  9  degree  entrance  angle  could  be 
held  without  a  notable  shoulder.  For  an 
assumed  design  speed  of  30  knots,  it 
appeared  that  the  prismatic  coefficient 
should  be  on  the  order  of  0.6,  so  this  con¬ 
straint  was  added  to  those  already  in  place 
to  derive  an  A/A  distribution.  This  dis¬ 
tribution  produced  a  prismatic  of  0.613 
and  thence  amidship  section  coefficient  of 
0.807.  The  stem  was  given  a  generous  rake 
(very  limited  experimental  data  indicates 
that  high  rake  angles  may  be  beneficial  as 
regards  deck  wetness) ,  and  this  led  to 
cutting  away  the  forefoot  back  to  Station 
1.  The  centerline  profile  of  the  after¬ 
body,  constrained  by  cut-up  location  and 
the  requirement  for  an  appendage  transom, 
was  carefully  drawn  to  ensure  good  buttock 
flow. 

The  body  plan  and  the  seakeeping- 
related  hull  coefficients  which  resulted 
from  the  effort  just  described  are  presented 
in  the  text.  Here  it  remains  to  describe 
appendage  design.  As  noted  earlier,  rudder 
design  was  based  largely  on  precedent  while 
bilge  keels  were  sized  analytically. 
Propulsion  appendages  were  not  considered. 


A  twin  rudder  arrangement  was  selected 
because  its  intrinsic  redundancy  was 
thought  to  be  desirable  for  a  combatant 
ship.  The  rudder  design  was  developed  only 
to  the  extent  of  profile  and  location. 

Eaoh  rudder  has  a  profile  area  of  10.9  m  , 
and  is  located  as  shown  in  Figure  10  of 
the  text. 

A  55-degree  bilge  keel  diagonal  was 
selected  as  it  seemed  to  proviso  the  best 
"fit"  to  the  sectional  characteristics  of 
the  hull.  Six  bilge  keel  sizes,  all  con¬ 
strained  not  to  ground  in  a  5-degree  heel 
condition,  were  investigated.  The  six 
were  defined  by  the  possible  combinations 
of  bilge  keel  length  to  ship  length  ratios 
of  0.27  and  0.33  and  of  bilge  keel  span  to 
ship  length  ratios  of  0.0037,  0.0073  and 
0.0110.  The  shorter  bilge  keels  of  inter¬ 
mediate  span  appeared  to  offer  a  reasonable 
compromise  between  roll  reduction  and  wetted 
surface  penalty,  and  were,  accordingly, 
selected.  They  were  placed  between  Stations 
7.3  and  12.7  along  the  55-degree  diagonal. 

/  To  ensure  that  detailing  the  design 
had  not  had  a  major  effect  on  seakeeping, 
a  close-fit  representation  of  the  detailed 
design  was  put  through  the  same  computations 
used  for  the  data  base  hulls;  and  the  results 
were  compared  to  those  obtained  previously 
for  the  LewiB  section  representation.  The 
only  appreciable  differences  found  between 
the  seakeeping  responses  of  the  two  hulls 
were  in  the  slamminq  incidence  parameter 
(Cg ) 3 •  Detailing  had  increased  slamming 

incidence  at  low  F but  decreased  it  at 
n 

high  F  .  The  differences  involved  were 
n 

about  10  percent  at  each  extreme.  The  other 
responses  were  generally  within  two  percent. 
This  level  of  agreement  was  considered 
satisfactory. 

APPENDIX  E  PERFORMANCE  ASSESSMENT 

For  the  basic,  six-degree-of-freedom 
motion  computations,  all  four  hulls  were 
assigned  pitch  and  yaw  gyradii  of  0.25  L 
and  roll  gyradii  of  0.36  B.  The  vertical 
center  of  gravity  location  for  each  dis¬ 
placement-scaled  version  of  Hull  21D  was 
specified  such  that  its  metacentric  height 
would  equal  that  of  the  existing  hull  to 
which  it  was  to  be  compared.  The  computa¬ 
tions  were  performed  for  relative  headings 
from  zero  degrees  (head  waves)  to  180 
degrees  (following  waves)  in  15-degree 
increments,  and  for  ship  speeds  from  zero 
to  30  knots  in  5-knot  increments. 

Bretschneider  wave  spectra  were  used 
to  represent  random  sea  conditions.  Short¬ 
crestedness  was  modeled  by  a  +90  degree, 
cosine-squared  spreading  function.  Differ¬ 
ent  spectral  parameters  were  specified  for 
the  two  pairs  of  hulls  in  view  of  their 
size  difference.  Table  El  presents  the 
selected  parameters.  It  can  be  noted  that 
both  pairs  are  evaluated  in  two  seaways  to 
admit  direct  comparisons  of  all  four  hulls. 

The  results  of  the  random  wave  com- 
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putations  were  used  to  assess  the  ability 
of  the  hulls  considered  to  conduct  helicopter 
operations.  These  operations  were  divided 
into  three  categories:  launch,  recovery, 
and  support.  The  "support"  operation  con¬ 
sists  of  on-deck  handling  of  the  helicopter 
and  its  equipment.  The  categorization  is 
required  because  each  of  the  three  opera¬ 
tions  involves  different  criteria  variables 
and/or  magnitudes.  Further,  in  order  to 
obtain  an  operationally  meaningful  assess¬ 
ment,  criteri ?  for  avoiding  hull  damage  and 
for  personnel  '.imitations  must  be  super¬ 
imposed  upon  tne  criteria  set  for  each  cate¬ 
gory  of  helicopter  operation.  Table  E2 
summarizes  the  criteria  imposed. 

Speed  polar  diagrams,  as  introduced  by 
Covich  and  Comstock®,  were  used  to  assess 
performance.  These  diagrams,  as  exemplified 
by  Figure  El,  present  criterion  contours 
in  a  coordinate  system  of  ship  speed  versus 
relative  heading  for  a  particular  ship  in 
a  specified  seaway.  Figure  El  applies  to 
Hull  A  in  a  short-crested  seaway  of  4.0  m 
significant  height  and  9.0  s  modal  period. 

The  criterion  contours  shown  are  those 
associated  with  the  helicopter  landing 
operation  (and,  implicitly,  with  the  hull 

Table  El  Random  Wave  Parameters  for  Re¬ 
lative  Heading  Generalization 


(Vo,s 

»  /  3 

4.0 

6.0 

7.0 

A-Pair 

None 

9.0 

A-Palr 

B-Pair 

U.O 

A-Palr 

Both  Pairs 

13.0 

Both  Pairs 

B-Pair 

15.0 

A-Pair 

B-Pair 

17.0 

None 

B-Pair 

Table  E2  Criteria  Imposed  for  Performance 
Assessment 
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and  personnel)  which  are  exceeded  at  some 
point  within  the  speed  polar  plane  for  the 
particular  seaway  considered. 

Each  criterion  contour  shown  has  tic 
marks  indicating  the  direction  in  which 
that  criterion  is  exceeded.  The  portion 
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Fig.  El  Speed  Polar  Performance  Assessment 
of  Helicopter  Landing  for  Hull  A 
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Fig .  E2  Speed  Polar  Performance  Assessment 
of  Helicopter  Landing  for  Hull 
21D/A 
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of  the  speed  polar  plana  In  whloh  non#  of 
tha  oritaria  ara  axoaadad  ia  tha  "window" 
in  whloh  tha  oparatlon  undor  oonaldaratlon 
can  ba  parformad.  Tha  window  in  whloh  Hull 
A  can  aupport  haliooptar  landing  oparationa 
in  a  4  m/9  a,  ahort-oreatad  saaway  ia  shadad 
in  Figure  El. 

in  a  auffioiantly  banign  seaway,  Hull 
A  could  aupport  halicoptar  oparationa  any- 
whara  within  tha  360  dag  x  30  knot  apead 
polar  plana  dafinad  by  Figure  El.  Hence, 
tha  ratio  of  tha  polar  area  of  the  window 
to  that  of  tha  plane  can  ba  taken  to  define 
an  Operability  index  (01)  for  the  caae 
under  conaideration.  Figure  El  indicatea 
an  01  of  0.086  for  the  caae  which  it 
deplete.  Thus,  Hull  A  can  aupport  helicop¬ 
ter  landing  oparationa  in  leaa  than  9 
percent  of  the  speed  polar  plane  given 
a  4  m/9  a,  short-crested  seaway. 

Figure  E2  presents  the  analogous  speed 
polar  diagram  for  Hull  21D/A.  The  window 
is  again  shaded.  The  01  of  0.411  indicates 
that  this  hull  can  support  helicopter  land¬ 
ing  operations  in  over  40  percent  of  the 
speed  polar  plane  for  4  m/9  s  short-crested 
seaways.  This  represents  an  improvement, 
as  compared  to  Hull  A,  of  nearly  a  factor 
of  five  if  the  two  are  compared  by  01  ratio 
or  of  35  percent  if  they  are  compared  by 
OI  difference. 

Complete  OI  comparisons  are  presented 
and  discussed  in  the  text. 
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Discussion 


and  his  Fig. 10  is  readily  apparent.  We 
look  forward  to  publication  of  his  model 
test  results. 


B,  Johnson  (U.S  Naval  Academy) 


I  congratulate  the  author  for  a  very 
interesting  paper.  The  contrast  between 
this  paper  and  that  of  Schmitke  and  Murday 
in  the  same  session  is  both  striking  and 
complimentary.  However,  to  compare  the 
results  of  these  two  approaches  several 
important  parameters  are  not  tabulated. 

Since  Bales  did  not  use  Cp  and  C*  in  his 
analytical  model  for  "R",  we  can't  calculate 
the  block  coefficient  for  comparison  with 
the  Schmitke  and  Murdey  trends.  1  again 
request  that  all  significant  coefficients 
be  included  in  hull  form  comparison  tables. 

The  Hull  210  Body  Flan  is  unusual, 
especially  above  the  designer's  water  line. 

It  is  ashame  that  we  don't  yet  posess  any 
analytical  methods  of  optimizing  flare  angles 
in  the  above  water  hull  form.  On  the  other 
hand,  ship  designers  who  depend  on  intuition 
and  towint  tank  operators  may  appreciate 
that  their  jobs  are  still  secure. 


R.T.  Schmitke  (0fl£Ajand  O.C.  Murdey  me) 


This  morning's  session  provides  an 
opportunity  rarely  given  to  researchers 
working  in  closely  related  fields.  First, 
we  present  our  paper,  Mr. Bales  comments 
upon  it,  and  we  reply.  Then  he  presents  his 
(rather  unexpected)  paper,  we  make  comment, 
and  he  gives  his  rebuttal.  The  problem  is, 
from  our  point  of  view,  that  he  gets  the 
last  word. 

We  are  struck,  first  of  all,  by  the 
fact  that  beam  does  not  appear  in  the  rank 
equation  (2).  We  might  expect,  for  example, 
a  term  involving  B/T.  We  ask  the  author's 
comments . 

A  major  difference  between  our  approach 
and  the  author's  is  the  treatment  o-;'  slam¬ 
ming.  We  include  slamming  severity,  whereas 
the  author  does  not.  Neglect  of  slamning 
severity  may,  in  the  absence  of  constraints 
on  beam  and  draft,  lead  to  unrealistically 
high  beam/draft  ratios. 

Another  major  difference  is  the  fact 
that  we  assign  greater  importance  to  slam¬ 
ming  than  to  other  measures  of  seakeeping 
perfomance.  This  is  a  direct  reflection  of 
operational  experience. 

Notwithstanding  the  above,  the  author's 
approach  has  much  to  recommend  itself.  As 
we  have  noted  in  our  reply  to  Mr. Bales's 
discussion  of  our  paper,  the  results  he 
obtains  are  much  the  same  as  ours.  The 
similarity  in  forebodies  between  our  Fig. 18 


Author’s  Reply 


N.K,  Bales  (DTNSROC) 


CertainaJly  Mr.  Johnson's  request  that 
"all  significant  coefficients  be  included" 
is  a  reasonable  one.  Who,  though,  will 
bell  the  cat  ?  At  least  I  can  point-out 
that  block  can  be  computed  from  the  coef¬ 
ficients  which  I  employ  as  Cb  =  CwCvP  where 
Cw  =  (CwF  +  Cwa)/2  and  CVP  =  (CvPF  +  Cvpa)/2. 

With  respect  to  Mr.  Johnson's  comments 
on  above-water  flare,  I  can  note  that  there 
is  an  on-going  project  in  this  area  at 
DTNSRDC.  Progress  is  being  made  toward 
providing  both  analytical  and  experimental 
methods  to  assess  this  characteristic  in 
terms  of  its  influence  on  flare  slamming, 
deck  wetness,  and  the  relationship  between 
these  two  phenomena.  Mr.  H.D.  Jones  and  I 
presented  the  initial  results  of  the  pro¬ 
ject  at  the  19th  American  Towing  Tank 
Conference. 

I  do  not  believe  that  Mr.  Schmitke  and 
Mr.  Murdey  need  be  too  concerned  over  this 
being  the  last  word  1 

The  rank  estimation  equation  is  intended 
to  model  the  distributions  of  beam,  draft, 
and  sectional  fullness  over  ship  length  in 
terms  of  a  minimum  set  of  Naval  Architec¬ 
tural  parameters.  Maximum  beam  appears  to 
me  to  contribute  very  little  to  such  a 
model.  Therefore,  it  is  not  included. 

The  largest  beam-draft  ratio  which  the 
optimization  procedure  admits  without  extra¬ 
polation,  see  equation  (9),  is  3.7.  Further, 
beam  and  draft  can  be  independently  con¬ 
strained  via  equation  (10).  Accordingly, 
the  optimization  procedure  will  lead  to 
unrealistically  high  beam-draft  ratios  only 
if jthe  user  forces  it  to  do  so.  Nonethe¬ 
less,  I  do  appreciate  the  importance  of 
slamming  severity.  If  the  imposed  con¬ 
straints  lead  to  unusually  high  beam-draft 
ratios  or  full  sections,  the  user  will  be 
well  advised  to  evaluate  the  implications 
thereof  with  respect  to  slamming  severity. 

My  perception  is  that  slamming  should 
limit  the  mobility  of  a  well-designed  frig¬ 
ate  in  head  seas.  However,  it  is  to  be  hoped 
that  our  frigates  will  fight  more  than  they 
run;  and  weapons  system  limits  may  then 
over-ride  mobility  limits.  It  is  for  this 
reason  that  I  have  chosen  to  consider  a 
fairly  large  set  of  potentially-limiting 
responses  and  weight  them  equally. 
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ABSTRACT 

A  procedure  for  calculating  added  resi¬ 
stance,  transverse  drift  force  and  mean  yaw 
moment  on  a  ship  in  regular  waves  of  any 
wave  direction  is  presented.  An  asymptotic 
formula  for  small  wave  lengths  has  also 
been  derived.  The  influence  of  wave  induced 
motions  on  the  wake,  open  water  propeller 
characteristics,  thrust  deduction  and  rela¬ 
tive  rotative  efficiency  is  discussed.  The 
reason  to  false  values  for  the  propulsion 
factors  are  pointed  out.  Determination  of 
RPM  and  HP  in  irregular  waves  is  discussed. 
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added  resistance  due  to  waves 
total  resistance 
thrust  of  the  propeller 
torque  at  the  propeller 
torque  at  the  engine 
number  of  revolutions 
speed  of  advance 
Ship's  speed 

thrust  deduction  factor  (also  used 
as  time  variable) 

wake  fraction.  Used  both  as  effect¬ 
ive  wake  and  radial  wake  distribu¬ 
tion 

mechanical  efficiency  of  the  shaft 
bearings 

relative  rotative  efficiency 
propeller  efficiency 
hull  efficiency 
propulsive  efficiency 
water-line  curve 


Kt  thrust  coefficient 

Kg  torque  coefficient 

D  diameter  of  propeller 

R  radius  of  propeller 

JA  advance  coefficient  of  the  propeller 

L  ship  length  between  perpendiculars 

B  ship  beam  midships 

block  coefficient 

F  Froude  number 

n 

a  wave  direction  (a=0  is  head  sea) 

displacements  (j=l,2,...,6  refer  to 
3  surge,  sway,  heave,  roll,  pitch  and 

yaw  respectively,  see  Fig.  1) 

incident  wave  amplitude 

a 

g  acceleration  c I  gravity 

uq  circular  wave  frequency 

u>e  circular  frequency  of  encounter 

k  wave  number 

X  wave  length 

x,y,z  coordinate  system  as  defined  in 
Fig.  1 

x,y,z  coordinate  system  fixed  to  the 

ship  and  coinciding  with  the  x,y,z- 
system  when  the  ship  is  not  oscil¬ 
lating 

n,s  local  coordinate  system  (see  Fig.  4) 
i  complex  unit 

I  thrust  diminuation  factor  (see  eq¬ 

uations  (73)  and  (74)) 

I  average  e-value  over  one  wave  pe¬ 

riod  (see  equation  (76)) 

Sg  average  wetted  surface  of  the  body 
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h  distance  between  water  surface  and 

propeller  shaft  center 

boundary  layer  thickness 

5 2  momentum  thickness 

vmax,v0  see  ec5uation  <68) 

0  see  Fig.  4 

n.  Generalized  normal  directions 

J  (see  equations  (12)  and  (13).  Posi¬ 

tive  normal  direction  into  the  fluid 
M  Mass  of  the  ship 

see  equation  (19) 

1.  INTRODUCTION 

Estim.tion  of  ship  speed,  machinery 
power  and  propeller  revolutions  is  tradi¬ 
tionally  based  on  still  water  performance. 
But  ocean-going  vessels  often  meet  sea  con¬ 
ditions  where  the  seaway  influences  the 
ship  resistance  and  propulsive  coefficients) 
and  in  the  case  of  extreme  ship  motions,  the 
ship  master  may  reduce  the  ship  speed  due  to 
green  water  on  deck,  slamming,  propeller 
racing  or  excessive  accelerations. 

The  increase  of  fuel  cost  has  increased 
the  importance  of  the  prediction  of  ship 
speed  and  power  in  a  seaway.  It  is  neces¬ 
sary  to  ensure  that  the  ship  will  not  only 
be  economical  on  a  ship  trial  in  calm  water 
but  also  on  a  voyage  in  wind  and  waves. 

This  is  some  of  the  background  why  we  start¬ 
ed  our  study. 

We  have  focused  our  attention  on  pro¬ 
blems  connected  with  involuntary  speed 
reduction  and  how  to  find  the  increase  in 
power  required  to  maintain  ship  speed  in  a 
seaway.  We  have  in  particular  studied  the 
added  resistance  and  propulsive  factors  of 
a  ship  in  regular  waves.  The  change  of  pro¬ 
pulsive  factors  due  to  waves  is  of  greatest 
importance  when  there  is  significant  wave 
energy  at  frequencies  in  the  vicinity  of 
the  natural  pitch  and  heave  frequencies  of 
the  ship.  This  will  normally  correspond  to 
severe  sea  conditions.  Further,  the  change 
in  propulsive  factors  due  to  waves  is  most 
pronounced  when  the  ship  is  in  ballast  con¬ 
dition.  The  added  resistance  on  ships  may 
also  be  of  importance  for  moderate  sea  con¬ 
ditions,  in  particular  for  ships  with  blunt 
bcw-forms. 

At  the  end  of  the  paper,  we  have  dis¬ 
cussed  how  the  results  from  regular  waves 
can  be  applied  to  irregular  waves.  Hopeful¬ 
ly  our  results  may  later  on  be  useful  tools 
in  designing  economical  hull  forms  and  pro¬ 
pulsion  systems,  or  for  instance  in  deter¬ 
mining  how  the  trim  of  a  ship  .can  be  used 
to  determine  an  economical  ship  speed  in  a 
seaway. 

2.  BASIC  FORMULATION 

If  we  want  to. determine  the  speed, 
shaft  horse  power  or  propeller  revolutions 
of  a  ship  in  regular  waves,  we  may  average 
forces  and  moments  over  one  wave  period  and 
set  up  the  following  two  basic  equations 


tynnm  ~  Q,/nR 

Kj/a-t)  =  T  (2) 

where  Q  is  the  torque  delivered  by  the  ma¬ 
chinery,  nm  is  the  mechanical  efficiency  be¬ 
tween  the  machinery  and  the  propeller  shaft, 
Q  is  the  hydrodynamic  torque  on* the  propel¬ 
ler  in  open  water,  n  is  the  relative  rota¬ 
tive  efficiency,  Is  the  resist,  nee  of  the 
ship  without  propeller,  T  is  the  propeller 
thrust  in  open  water  and  t  is  the  thrust  de¬ 
duction.  The  propeller  thrust  and  torque  is 
dependent  on  the  particulars  of  the  propel¬ 
ler,  propeller  revolution  n  and  the  speed 
of  advance 

Va  =  U(l-w)  (3) 

where  w  is  the  effective  wake  and  0  is  the 
forward  velocity  of  the  ship.  The  propeller 
characteristics  will  also  depend  on  the  im¬ 
mersion  and  the  wave  induced  motions  of  the 
propeller  shaft.  This  will  be  discussed 
lacer  on. 

We  will  in  the  following  text  first  in¬ 
troduce  a  new  theory  for  the  added  resi¬ 
stance  of  a  ship  in  waves  and  then  discuss 
how  the  waves  affect  the  wake,  the  propeller 
characteristics,  the  relative  rotative  ef¬ 
ficiency  and  the  thrust  deduction.  Finally 
we  will  discuss  how  we  may  determine  RPM, 

HP  and  ship  speed  in  a  seaway. 

3.  ADDED  RESISTANCE 

Theoretical  methods  for  added  resist¬ 
ance  of  a  ship  in  regular  waves  are  either 
derived  by  directly  integrating  pressure 
over  the  wetted  ship  surface  or  by  using 
the  equations  for  conservation  of  momentum 
and/or  energy  in  the  fluid.  The  procedures 
are  derived  by  a  perturbation  scheme  "where 
the  linear  wave  induced  motions  and  loads 
are  a  first  order  approximation  to  the  pro¬ 
blem.  The  added  resistance  is  then  found  as 
the  mean  longitudinal  second  order  force. 
This  implies  that  the  theoretical  added  re.- 
stance  is  proportional  to  the  square  of  the 
wave  amplitude.  This  is  a  valid  approxima¬ 
tion  for  moderate  wave  steepnesses.  But  when 
the  waves  are  breaking  or  close  to  breaking, 
one  may  question  the  procedures, 

Maruo  (1)  has  used  the  equations  for 
conservation  of  energy  and  momentum  to  de¬ 
rive  a  theoretical  method  for  added  resist¬ 
ance.  His  procedure  is  valid  for  any  wave 
length  and  wave  heading.  The  disadvantage 
with  the  method  is  that  it  is -difficult  to 
apply  from  a  practical  point  of  view.  The 
accuracy  of  the  method  is  dependent  on  how 
well  the  linear  problem  is  solved.  The  far 
more  simpler  method  by  Gerritsma  and  Beu- 
kelman  (2)  is  easier  to  apply.  Gerritsma 
and  Beukelman  (2)  derived  their  formula  by 
energy  considerations,  but  the  rational  ba¬ 
sis  for  their  method  is  not  quite  clear. 

Maruo  and  Ishii  (3)  have  simplified  the 
original  formula  by  Maruo  (1)  considerably 
by  using  a  high  frequency  assumption  con-, 
sisterit  with  strip  theory.  The  formula  re¬ 
sembles  Gerritsma  and  Beukelman* s  formula. 
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but  the  importance  of  the  differences  has 
not  been  clearly  pointed  out.  Takagi,  Hosoda 
and  Higo  (4)  have  derived  the  same  formula 
as  Maruo  and  Ishii  (3).  They  also  use  the 
equations  of  momentum  and  energy  in  the 
fluid,  but  used  other  control  surfaces  than 
Maruo . 

Added  resistance  in  oblique  sea  has 
been  studied  by  Hosoda  (5)  by  applying 
Maruo’ s  method.  He  concluded  that  the  con¬ 
tribution  of  lateral  notions  to  added  resi¬ 
stance  is  relatively  small.  According  to 
this  conclusion,  the  added  resistance  in 
oblique  waves  can  easily  be  calculated  on 
the  basis  of  the  extension  of  prediction 
method  for  head  sea  waves  (Fujii,  H.  and 
Takahashi,  T.  (6) ) .  In  a  similar  way,  Ger- 
ritsma  and  Journie  (7)  generalized  Gerritsma 
and  Beukelman's  method  to  oblique  sea. 

Another  way  to  derive  a  formula  for 
added  resistance  is  to  directly  integrate 
pressure  forces  over  the  wetted  surface  of 
the  ship  (Boese  (8)).  It  should  be  noted 
that  Boese  has  neglected  the  quadratic  ve¬ 
locity  term  in  Bernoullis  equation  and  one 
term  arising  from  using  pressure  on  the  in- 
stantenous  position  of  the  wetted  surface  of 
the  ship  instead  of  using  pressure  on  the 
average  position  of  the  ship.  These  terms 
are  of  importance  and  will  be  included  in 
this  paper.  Both  procedures  are  quite  simple 
to  apply  in  practice.  The  advantage  of  a 
method  based  on  directly  integrating  pres¬ 
sure  forces  compared  to  a  method  using  the 
I  equations  for  conservation  of  momentum 

5  and/or  energy  in  the  fluid,  is  that  it  is 

easier  to  understand  the  physical  reason 
»  for  added  resistance.  Boese  derived  his 

formula  only  for  head  sea  waves,  while  our 
I  procedure  is  valid  for  any  wave  direction 

I  and  includes  the  effect  of  the  lateral  mo¬ 

tions.  We  also  calculate  transverse  drift 
force  and  yaw  moment.  Further,  we  do  not 
base  the  calculation  of  the  diffraction 
potential  of  the  first  order  problem  on  the 
relative  motion  hypothesis. 

All  the  formulas  above  are  based  on 
some  kind  of  slendership  assumption,  which 
makes  them  questionable  to  apply  for  blunt 
ship  forms.  This  has  some  practical  conse- 
quences,  Fujii  and  Takahashi  (9)  have  point¬ 
ed  out  the  importance  of  added  resistance  on 
blunt  ship  forms  in  the  small  wave  length 
f  case  for  speed  predictions  in  moderate  sea 

I  conditions.  They  propose  to  divide  the  ad- 

■  ded  resistance  into  two  parts,  one  part  is 

i  added  resistance  due  to  ship  motions  and 

I  another  part  is  added  resistance  due  to 

i  wave  reflection  at  the  bow  (or  stern  if  fol- 

*  lowing  sea) .  The  added  resistance  due  to 

ship  motions  may  be  calculated  by  the  con¬ 
ventional  methods  while  Fuji!  and  Takahashi 
have  derived  a  quasi-rational  method  for 
resistance  increase  due  to  the  reflection 
at  the  bow.  Their  formula  gives  a  correct 
asymptotic  behaviour  for  low  wave  lengths 
and  zero  Froude  numbers  as  long  as  the  ship 
surface  is  vertical  at  the  water  line.  Bpt 
the  effect  of  finite  draught  and  forward 
speed  is  only  included  in  an  approximate 
way.  It  may  be  noted  that  the  forward  speed 


effect  may  be  quite  important  (see  Fujii 
and  Takahashi  (9)). 

We  will  in  this  paper  present  a  new 
asymptotic  theory  for  small  wave  lengths 
whioh  takes  into  account  the  forward  speed 
effect.  From  a  rational  point  of  view,  one 
can  argue  against  dividing  the  added  resist¬ 
ance  into  two  parts  in  the  way  that  Fujii 
and  Takahashi  (9)  did.  Generally  speaking, 
the  reflection  of  the  waves  and  the  ship 
motions  may  interact  in  a  more  complicated 
way  on  the  added  resistance.  But  their  pro¬ 
cedure  makes  some  sense  for  certain  wave 
lengths  regions,  i.e.  for  small  wave  lengths 
where  the  effect  of  ship  motions  may  be  dis¬ 
regarded  and  in  vicinity  of  pitch  and  heave 
resonance  where  the  relative  motion  between 
the  ship  and  the  waves  are  important.  But  it 
should  be  noted  that  is  is  possible  to  de¬ 
rive  one  expression  valid  for  all  wave 
lengths  if  for  instance  the  first  order  mo¬ 
tions  and  loads  are  calculated  by  a  three- 
dimensional  sink  source  technique. 

The  calculation  of  mean  added  resistan¬ 
ce  in  irregular  sea  is  straigthforward  if 
the  wave  spectrum  and  the  added  resistance 
in  regular  waves  is  known.  But  it  should  be 
pointed  out  that  the  added  resistance  will 
not  have  a  constant  value  in  irregular  sea. 
It  will  be  slowly  varying  approximately  as 
the  envelope  of  the  wave  elevation. 

We  will  in  the  following  text  discuss 
how  we  calculate  the  linear  wave  induced 
motions  and  loads  on  a  ship.  This  is  a  ne¬ 
cessary  building  brick  in  the  theory  of 
added  resistance.  We  will  then  present  a 
method  for  added  resistance  based  on  direct¬ 
ly  integrating  the  pressure  over  the  wetted 
body  surface.  At  the  same  time,  we  will  show 
how  other  mean  force  or  moment  components  in 
waves  can  be  evaluated.  As  an  example,  we 
will  study  transverse  drift  force  and  drift 
yaw  moment.  Afterwards  we  will  derive  asymp¬ 
totic  formulas  for  added  resistance,  trans¬ 
verse  drift  force  and  yaw  moment  in  the  low 
wave  length  case.  Finally,  we  will  present 
numerical  results  and  comparisons  with  other 
methods  and  experiments. 

3.1  Linear  wave  induced  motions  and  loads 

Let  us  study  a  ship  advancing  at  con¬ 
stant  mean  forward  speed  with  arbitrary 
heading  in  regular  sinusoidal  waves.  We 
assume  that  the  first  order  motions  are 
linear  and  harmonic.  Let  (x,y,z)  be  a 
righthanded  coordinate  system  fixed  with 
respect  to  the  mean  position  of  the  ship 
with  z  vertically  upwards  through  the  centre 
of  gravity  of  the  ship,  x  in  the  aft  direct- 
tion  and  the  crigin  in  the  plane  of  the  un¬ 
disturbed  free  surface.  Let  the  translatory 
displacements  in  the  x,y  and  z  directions 
with  respect  to  the  origin  be  n.»  n,  and  n3 
respectively,  so  that  is  theAsurge,  ^2 
is  the  sway  and  *13  is  the  heave  displace¬ 
ment.  Furthermore,  let  the  angular  displace¬ 
ment  of  the  rotational  motion  about  the  x,y 
and  z-axis  be  114,  115  and  ng  respectively, 
so  that  T14  is  the  roll,  n5  is  the  pitch  and 
iig  is  the  yaw  angle.  The  coordinate  system 
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and  the  translatory  and  angular  displace¬ 
ments  are  shown  in  Fig.  1.  We  will  also  ope¬ 
rate  with  a  coordinate  system  ( x,y,5 )  that 
is  fixed  in  the  ship  and  coincide  with  the 
(z,y,z}  coordinate  system  when  the  ship  is 
not  oscillating. 

We  will  use  the  Salvesen,  Tuck  and 
Faltinsen  theory  (10)  to  find  the  wave  in¬ 
duced  motion.  This  method  does  not  determine 
the  pressure  distribution  because  it  is 
based  on  a  generalized  Haskind  relation  when 
evaluating  the  wave  exciting  forces  and 
moments.  When  we  later  shall  derive  a  proce¬ 
dure  for  calculating  added  resistance,  we 
will  need  expressions  for  the  linear  pres¬ 
sure  distribution  on  the  hull.  It  is  also 
necessary  to  know  the  pressure  distribution 
at  the  mean  free  surface  if  we  want  to  find 
the  relative  motion  and  velocity  along  the 
ship.  This  is  of  interest  in  evaluating  vo¬ 
luntary  speed  reduction  due  to  slamming  and 
green  water  on  deck.  We  will  therefore  pre¬ 
sent  two  different  ways  of  calculating  the 
linear  pressure  distribution  on  the  ship 
hull.  The  differences  in  the  method  are  in 
the  calculation  of  the  diffraction  potent¬ 
ial.  We  will  write  the  total  velocity  po¬ 
tential  as 

-im  t 

=  Ux+$s(::,y,z)+$T(x,y,z)e  (4) 

where  ux+$s(x,y,z)  is  the  steady  contribu¬ 
tion  whieJi  determines  the  wave  resistance. 

We  will  assume  that  has  no  influence  or. 
the  linear  wave  induced  motions  of  the  ship 
(Salvesen,  Tuck  and  Faltinsen  (10)).  The 
time  dependent  pressure  will  be  divided  into 
three  parts 

-i«  t 

$T(x,y,z)e  =  (5) 

where  i  is  the  complex  unit,  a  the  fre¬ 
quency  of  encounter  and  t  is  the  time  vari¬ 
able.  Further,  is  the  incident  wave  po¬ 
tential,  is  the  velocity  potential  due  to 
forced  motions  in  six  degrees  of  freedom 
and  $  is  the  diffraction  potential  of  the 
restrained  ship.  We  will  write  the  inci¬ 
dent  wav#  potential  as 

A  _  lg^a  ekz+ikxcoss+ikysina-iuet 

?I  “  uo  (6) 

where  g  is  the  acceleration  of  gravity,  c 

is  the  wave  amplitude,  k  is  the  wave  num¬ 
ber,  a  is  the  heading  angle,  »0=  /Kg'  is  the 
wave  frequency  which  is  related  to  the  fre¬ 
quency  of  encounter  ue  by 

sie  =  aQ+kUcosa  (7) 

According  to  Salvesen,  Tuch  and  Faltin¬ 
sen,  we  may  write  the  forced  motion  potent¬ 
ial  as 


*  It  is  understood  that  real  part  is  to  be 
taken. in  all  expressions  involving 


$p  =  *2n2+^3n3+*4n4 

+  (*X+  E£)*3,»5+(x-  I^U2n6  (8) 

where  ^  satisfies  the  following  boundary 
value  problem 


32*. 

j. _ i  _ 

3y2  3z2 

0  in  the  fluid 

(9) 

2  3*i 

~ue  V*rr-  = 

0  on  z=0 

(10) 

3*1 

^  l=~^Beni  on  the  average  wetted 

surface  SB  of  the  ship  (11) 

gere  n.  is  determined  by 
n=(ni,  n2,  n3)  (12) 

txh=( n4,  n5,ng)  (13) 

where  n  is  the  normal  vector  to  the  body  sur¬ 
face  (positive  into  the  fluid)  and  r=xi+yi+zk 
Further,  ^  satisfies  a  radiation  condition 
of  two-dimensional  outgoing  waves.  The 
problems  can  be  solved  by  the  Frank  Closefit 
method . 


Fig.  1  Coordinate  system 

The  diffraction  problem  may  be  diffi¬ 
cult  to  solve,  in  particular  in  the  low 
wave  length  range.  We  will  apply  two  diffe¬ 
rent  methods.  One  method  is  what  we  will 
call  a  "relative  motion  method".  A  second 
method  is  due  to  Skj0rdal  and  Faltinsen 
(11)  and  is  only  applicable  in  head  sea. 

This  method  takes  into  account  that  the 
waves  are  modified  as  they  propagate  along 
the  ship. 

The  "relative  motion  method"  implies 
that  the  wave  length  is  large  compared  to 
the  cross-dimensions  of  the  ship,  that  the 
ship  is  slender  and  that  three-dimensional 
effects  can  be  neglected.  The  diffraction 
potential  can  then  be  found  as  a  solution 
of  the  two-dimensional  Laplace  equation  (9) , 
the  classical  free  surface  condition  (10) , 
a  radiation  condition  of  outgoing  two-dim¬ 
ensional  waves.  The  body  boundary  condition 
can  be  written  as 

3*d  -  - 

TiT  =  ~n2Vn3ue  on  SB 


kz  +ikxcostx-iwet 

uv  =  «oCasina  e 


and 


u  = 


^“o'a® 


kz  +ikxcos<s-iw  t 
m  e 


Here  2  is  an  average  vertical  cross- 
sectional  coordinate,  which  may  be  chosen 
as  -T/2,  where  T  is  the  local  draught.  We 
may  now  write  the  total  time  dependent  velo¬ 
city  potential  as 


*Te"iWet  -  *i+*2(ii2-  S-  V 

e  1 


+  4,(n 


5.) 


3 '"3  ae  ~z 
V 


(14) 


+  44n4+ (— xh 


Hi)*3n5 


+  {x~U^)*2t'6 

The  dynamic  first  order  pressure  at  a 
fixed  submerged  point  can  be  written  as 


-icet 


(15) 


and  the  dynamic  wave  elevation  t  can  be 
written  as 


We  will  now  show  how  we  may  find  added 
resistance  by  directly  integrating  pressure 
over  the  hull  surface. 


Ps  = 


„34^, 
-pgz-p  (|| - ) 
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-p  (Ft  3x  m 


«s£i« 


-p  (n2+xn6-zn 4)g^(-,-| — - •)„  (20) 

,  a4d)  sil) 

-p  (ri3-xn5+yn4)g^(-3^  ‘■U3x~  Jm 
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Here  m  indicates  that  the  variables 
should  be  evaluated  on  the  average  position 
of  the  wetted  ship  hull.  We  will  now  study 
separately  the  contribution  to  added  resist¬ 
ance  from  each  pressure  term  in  equation 
(20). 

The  contribution  from  the  "-ogz"-term 
can  be  split  up  into  one  part  which  comes 
from  pressure  forces  over  the  exact  position 
of  the  body  surface  below  2=0  (i.e.  the  sur¬ 
face  area  S0  in  Fig.  2),  and  in  another  part 
from  integrating  over  the  wetted  area  above 
z=0.  It  is  possible  to  show  by  Gauss*  theorem 
that  the  pressure  forces  over  SQ  due  to  the 
n-cgz"-term  result  in  a  vertical  force.  We 
may  therefore  write  the  contribution  to  the 
added  resistance  from  the  "-pg2"-term  as 


3.2  Added  resistance  by  pressure  integra- 
tion  method 


‘1 


HS_ 


t,  * 

pgj  /znjdzds^^St  n^ds 


(21) 


We  start  out  with  the  complete  Bernoul- 
lis  equation 

p  =  -pgz-p||  -  §V2+P0+  §U2  (1?) 


where  V  is  the  fluid  velocity  and  pQ  is 
atmospheric  pressure.  If  we  neglect  the  in¬ 
fluence  of  the  stationary  perturbation  po¬ 
tential  $  (see  equation  4),  we  may  write 


p  -  -«Hi  -  pUH  -  f{#2+# 


+ 


(16) 


Here  4  is  due  to  the  incident  waves 
and  its  interaction  with  the  ship.  Let  us 
proceed  by  a  perturbation  scheme,  i.e.  we 
write 

4  4a)+4{2)+  ...  (19) 

where  is  the  linear  first  order  potent- 
discussed  in  the  last  chapter,  and  4*' 
:«  a  second  order  approximation  which  is 
Proportional  to  the  square  of  the  wave 
amplitude . 


The  bar  over  the  expressions  indicates 
time-averaged  values.  Further,  c  is  the  wave 
elevation  calculated  by  linear  theory  and  c 
is  the  water-line  curve. 


The  contribution  from  the  linear  pres¬ 
sure  term  -o(|-f — ~+ufx~^m  cannot  ne9- 
lected.  The  reason  is  that  we  in  linear 
theory  integrate  over  an  average  wetted  sur¬ 
face  and  an  average  direction.  In  a  second 
order  theory,  we  have  to  make  corrections 
for  the  integration  over  the  correct  wetted 
area  ©f  the  ship  hull  and  for  the  correct 
instantaneous  force  direction. 

The  correction  for  the  integration  of 
pressure  forces  over  the  correct  wetted  area 
of  the  ship  hull  gave  a  mean  longitudinal 
force 


Let  us  now  make  a  Taylor  expansion  of 
the  pressure  about  the  mean  position  of  the 
ship.  The  pressure  p  on  the  ship  correct 
to  second  order  in  wave  amplitude  say  then 
be  written  as 


Fj^s-Jog?  (?-(fi3-xr,s+yn4))n1ds  (22) 

where  equation  (16)  has  been  used. 
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When  we  integrate  -p  {■— 


H-U 


H 
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3x  'm 

over  the  rest  of  the  wetted  area  of  the 
ship,  we  have  to  be  careful  with  what  co¬ 
ordinate  system  we  use.  Since  we  must  inte¬ 
grate  over  the  instantaneous  position  of  the  wetted 
are?,  of  the  ship,  we  should_start  out  with 
the  coordinate  system  (z,y,z)  fixed  to  the 
ship.  In  a  first  order  theory,  it  does  not 
really  matter  if  we  had  used  the  ixLy,z)  co¬ 
ordinate  system  instead  of  the  x,y,z-system. 
But  in  a  second  order  problem,  we  have  to  be 
careful.  The.  z-component  F-  of  the  force  ofi 
the  average  wet^j^  sur^|^ezdue  to  the  pres- 

— rt  tH- 


sure  term  -p ( 


JT 


— +Ui 


if 


-)  is  the  same  as 


the  vertical  hydrodynamic  force  used  in  the 
linear  theory.  By  using  the  equation  of  the 
first  order  motions,  we  may  therefore  write 


d2n-j 


dt 


*'e33n3+C35n5 


(23) 


where  M  is  the  mass  of  the  ship.  C33  and  C35 
are  hydrostatic  restoring  coefficients 
which  may  be  written 


shown  to  be  zero  (Faltinsen  and  LOken 

(12)). 

The  contribution  from  the  rest  of  the 
pressure  terms  in  equation  (20)  is  straigth- 
forward  and  will  be  presented  later.-  But 
first  we  will  rewrite  the  expression  for  the 
longitudinal  force  in  a  more  convenient  way 
by  introducing  the  relative  wave  amplitude 
along  the  ship  in  the  expressions. 

We  then  use  the  theorem 

JJJvtdT=#iUds 

Vol  S 

where  S  is  the  surface  enclosing  the  volume 
Vol.  Further,  the  normal  vector  it  is  positive 
out  of  the  volume.  We  may  then  show  that 


-|^/{n3-xn5+yn4)  (n3-xn5+yn4)  Injds 


-c33Ti3n5+c35n5n5 

By  using  this  relation  in  equation  (24), 
we  may  write  the  added  resistance  as 


c33=pg/bde=pgAwp 

It 


‘r>"Xds 


C35s“pg / Sbdf^-pgMyp 
b 

Here  b  is  the  sectional  beam  of  the 
ship  and  the  integration  is  over  the  length 
of  the  ship.  A.™  and  are  the  area  and 
the  moment  of  the  water plane. 

By  decomposing  expression  (23)  along 
the  x-axls  (see  Fig.  3),  we  find  the  fol¬ 
lowing  mean  longitudinal  force  contribution 


^CDzs(-“e  M+C33J n3n5+C3bn5 


(24) 


Figure  3  Coordinate  system 

In  a  similar  way  we  can  decompose  the 
y-component  of  the  force  on  the  average  wet¬ 
ted  surface  due  to  the  pressure  term 

-o  (■!£ - - )_  along  the  x-axis.  We  will 

find  the  following  mean  longitudinal  force 

^CDy=sie  M(n2”zGn4}I16  (25) 

Here  is  the  z-coordinate  of  the 
centre  of  gravity  of  the  ship. 

The  contribution  t^^h®  force  from 

the  pressure  term  -p  (|^ - -  )w  can  be 


-ue  Mn3n5+fe  M(r,2-Zgn4)h6 

TTTo)  77T3T 

+p/i  (n2+xn6-zn4)-5^(3’ 


(26) 


to 
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J2)}n1ds 


where 

Cr=  C-(n3-xn5+yn4)  (27) 

is  the  relative  wave  amplitude  along  the 
ship,  and  c  is  the  water  line  curve. 

Boese  (8)  has  derived  a  formula  for  ad¬ 
ded  resistance  which  resembles  equation  (26) . 
First  of  all,  it  should  be  noted  that  his 
formula  neglected  the  influence  of  sway, 
roll,  yaw  and  any  flew  which  is  antisymme¬ 
tric  with  respect  to  the  x-z-piane.  That 
means  in  reality  that  Boese *s  formula  should 
be  applied  for  head  and  following  s»a.  But 
even  if  we  limited  ourselves  to  head  or  fol¬ 
lowing  sea,  Boese* s  formula  would  be  missing 
the  integral  over  Sfi  in  equation  (26) . 

The  procedure  described  above  may  be 
generalized  to  calculate  other  mean  force 
and  moment  components.  For  instance,  we  may 
write  the  transverse  average  force  (i.e. 
force  components  in  the  y-direction)  F-  an<* 
the  average  yaw  moment  F-  about  the  z-Sxis 
as 

-4?-  s^njds  (28) 

'  3  3$ 

p/(  cy^v^V^t — Mgrrl 

3  34  3*  U* 

+  (r,3-xVvV?i{3t - *°5x - V 


•510- 


+*(( 


n 


2  3*U)  2 


3x 


-)  +{ 


3y 


+  ( 


3.(U  2 

Hz - >  )m)nids 


+K. 


where 


2  _  2  - 

^2=Me  *^r’3f|4~ee  ^Ihj-Zgiig)  15 


(29) 


and 


K6"~  ^"I44iie2n4+^:,9V(2B"^G,  n4'i'MzGae2n2 


+a 


ae  I46fl6'  n5  (30) 


+("ae  IS5nS+09V(2B"zG}n5*n4 


Here  I,4  and  Is5  are  moments  of  inertia 
in  roll  and  pitch,  1^ ,  is  the  product  of 
inertia  between  roll  and  yaw,  and  2  is  the 
2-coordinate  of  the  centre  of  buoyancy. 

Similar  procedures  for  mean  forces  and 
moments  as  described  above  have  been  used 
in  the  zero-speed  case  by  Pinkster  (13)  and 
Faltinoen  and  Loken  (12) .  The  latter  consi¬ 
dered  only  two-dimensional  bodies. 


3.3  Asymptotic  low  wave  length  case 


We  will  now  derive  formulas  for  added 
resistance,  transverse  drift  force  and  mean 
yaw  moment  in  the  asymptotic  lew  wave  length 
case. 

Consider  a  ship  in  incident  regular 
waves.  We  assume  the  ship  has  vertical  sides 
at  the  waterplane,  and  that  the  wave  length 
is  small  compared  to  the  draught  of  the 
ship.  Due  to  the  small  wave  length  assumpt¬ 
ions  the  wave  excitation  forces  will  be 
small.  If  resonance  oscillations  are  not 
excited,  it  implies  that  the  influence  of 
the  wave  induced  motions  of  the  ship  can  be  ne¬ 
glected.  Due  to  the  small  wave  length  as¬ 
sumption  and  the  rapid  exponential  decay 
of  the  waves  down  in  the  fluid,  it  is  only 
the  part  of  the  ship  close  tc  the  waterplane 
that  will  affect  the  flow  field.  This  im¬ 
plies  that  we  may  replace  the  ship  by  a  sta¬ 
tionary,  vertical,  infinitely  long  cylinder 
with  cross-section  equal  to  the  waterplane 
area  of  the  ship. 

We  will  neglect  all  viscous  effects, 
and  base  the  procedure  on  potential  theory. 
I».  the  analysis,  we  neglect  diffraction  ef¬ 
fects  from  sharp  corners  of  a  structure,  and 
assume  that  the  change  in  the  waterplane 
area  is  small  over  a  wave  length. 

We  will  write  the  incident  potential  as 


kcz  ik0xcoS3+ik0ysin«-i«et 
e  e 


(31) 


where  g  is  the  acceleration  of  gravity,  c 
the  amplitude  of  the  incident  waves,  @  the 
circular  frequency  of  the  waves,  k  the  wave 
number,  a  the  wave  propagation  direction 
with  respect  to  the  x-axis  (see  Fig.  4),  t 
is  the  time  variable  and  «  is  the  circular 
frequency  of  encounter. 


Figure  4  Coordinate  system  in  the  low 
wave  length  case 

We  will  introduce  local  coordinate 
systems  (n,s)  along  the  water  plane  area 
curve,  where  n  is  orthogonal  to  the  water- 
plane  area  curve  and  s  tangential  to  the 
waterplane  area  curve  (se».  Fig.  4).  Further, 
(x  ,y  )  are  the  x,y-coordi nates  of  the  ori¬ 
gin  or  the  local  coordinate  system.  We  say 
then  write  the  incident  wave  potential  as 

,  _9Sa  k  2  ik  nsin(3+<i}+ik  scos  (e+a) 

-r~r’ - - —  A  o  O  O 

I  «  e  e 
o 

ikoXoCosa+ikoyQSina-iBet  £32) 

•  e 

where  8  is  defined  in  the  figure.  Rote  that  n 
is  opposite  to  tlie  definition  of  the  normal 
vector  K  in  the  chapters  above. 

When  the  incident  waves  hit  the  struct¬ 
ure,  they  will  be  diffracted,  if  we  use  the 
wave  length  as  a  scaling  factor  and  stretch 
the  n,s  and  z-coordinates  with  this  factor, 
it  becomes  evident  that  the  diffraction  pro¬ 
blem  in  the  low  wave  length  case  is  equiva¬ 
lent  to  studying  incident  waves  on  an  in¬ 
finitely  long  vertical  plane  wall  (see  Fig. 
5).  Parallel  to  the  wall  there  is  a  hori¬ 
zontal  steady  velocity  of  magnitude  V,  which 
is  a  function  of  x  and  y .  We  will  limit 
ourselves  to  the  low  speed  case.  It  should 
be  recognized  that  the  steady  flow  can  only 
be  horizontal  in  the  low-speed  case.  It  is 
evident  that  the  incident  waves  cannot  reach 
certain  domains.  This  will  be  shadow  regions 
i.e.  no  time  dependent  flow  at  all. 


The  total  velocity  potential  in  the  non- 
shadow  region  will  be  written  as 


(33) 
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where  is  the  unknown  diffraction  potential 
which  satisfies  the  following  body  boundary 
condition 


^-lacsinfd-ta) 
?n  o  a 


k  z+ik  scosCS+a) 
o  o 
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ikoxocasa+1Vcsin2_iBet 


(34) 


We  recognize  that  the  body  boundary 
condition  -raries  as 

ikcscos(9+a) 


This  inplies  we  say  write 

ik„scos (Ma)-w  t 
o  e 


(35) 


By  introducing  equation  (3?)  into  the 
three-dimensional  Laplace  equation,  we  find 
that  #  satisfies  the  Helmholtz  equation 


— |*~f-k  2ccs2 (8+s) -=0  i36) 

9n  fez " 


The  linearized  free  surface  condition 
can  be  written  as 


0  on  z=0 


13?) 


so  that  the  diffraction  potential  is  expo¬ 
nentially  decaying  when  n-*-*. 

We  will  now  find  A  in  equation  (39)  in 
the  ease  of  k2>0.  This  will  be  done  by  first 
considering  a  ^fictitious  problem  and  apply 
Green's  second  identity. 

The  fictitious  problem  we  study  is  inci¬ 
dent  waves  on  the  same  wall  as  described  in 
Fig.  5.  We  write  the  incident  fictitious 
wave  potential 


k,z  ik_n-ik  scos (9+a)-iu  t 

♦j=e  1  e  2  °  e 

where  *T  satisfies 


(42) 
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0 


on  2=0 


(43) 


i.e.  the  same  free  surface  condition  as  i-. 
It  is  easy  to  find  tat*,  the  total  veloci¬ 
ty  potential  has  to  be 
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r=yI+*D=2e 
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(44) 


We  will  now  study  the  foilwring  gene¬ 
ralized  force  on  the  trail 
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which  implies  that 

{-i.  +Vlk  cos (3+a)  )2*+g|f=0  on  2=0  (38) 


In  addition,  #D  has  to  satisfy  a  radia¬ 
tion  condition,  i.e.  it  cannot  represent  in¬ 
cident  waves  far  from  the  body. 

It  will  be  evident  later  that  it  is  not 
necessary  for  us  to  know  the  detailed  be¬ 
haviour  of  close  to  the  body.  Many  wave 
lengths  from  the  wall  we  may  write  the  out¬ 
going  wave  part  as 


he 


t,z  -ik-n+ik  scos(0+a)-ia  t 
12o  e 


(39) 


where  k2  have  to  be  positive  if  it  should 
represent  outgoing  waves.  From  equation  (38), 
we  find  that 

{-  -Vk  cos(d+a))2 

V  — — -  (40) 


which  can  be  easily  calculated  by  conation 
(44). 

we  will  now  rewrite  (45)  by  Green's  se¬ 
cond  identity.  We  introduce  the  normalized 
velocity  potential  t2  defined  by 


ik  scosie+a) 

♦&=-i-0casin(e+a)e 
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(see  equation  C34)).  It  is  easy  to  see 
that  ij  satisfies  the  same  Helmholtz  equa¬ 
tion  as  f. 

Further,  *2  has  to  satisfy  the  same 
frfee-surfacs.  condition  as  #n  and  when  n— -* 


Ae 


r2  -«0sin($+a)Ca 


-ik  x  cosa-iV  v  sin* 
e  °  °  °  °  (47) 


From  equation  (361,  we  find  that 

k2=  4t12-ko2cos2Ce+a)  (41) 

It  is  necessary  to  require  that 
jfc3cos(f+3} J 

to  have  an  outgoing  wave  solution.  This  is 
normally  the  case.  If  not,  we  must  require 
that 


(if  s*n  (®-*-6)*0)  {see  actuation  (39)  and 
(46)). 

By  using  the  boundary  condition  for 
we  may  write  equation  (45)  as 


F*/ (♦,+♦„) 


34-i 


I  TD*  in 


{48) 


We  will  now  apply  Green's  second  iden¬ 
tity  with  the  potentials  ♦1+^n  arsd  i7  ai>d  to 
a  domain  enclosed  by  the  wall,  the  free  sur¬ 
face,  a  vertical  control  surface  far  away 
from  the  wall  and  a  horizontal  control  sur¬ 
face  far  down  in  the  fluid.  By  using  that 


k,=i  :<2i 


{♦j+gip)  and  satisfies  the  same  Helmholtz 
equation,  the  same  free  surface  conditior  to¬ 
gether  with  the  body  condition  for  ty.+y.;1 » 
we  find  that  {48}  may  be  rewritten 


-ik  x  cos»-ik  v  siaa  , .  .  ,  , 

„_Ae  °  °  00  ik0seosB-r^et 

'  -0sin(S+a) 5a  8  ’kj 


(4S) 

By  using  that  F  also  can  be  directly 
calculated,  we  find  that 


2ki  «osin{S+a)ta  ikoxocosa+ikoyosiri3 

-  -  - e 


Vko 


(50) 


He  have  now  determined  the  fora  of  the 
velocity  potential  many  wave  lengths  from 
the  wall.  He  may  write 


M+Vs 
S'a  koz 


cos  Ciscos  (5+s)  +kQnsin  { 3+3 }  +aQ-net) 


V  7 

+- — ■Be  cos'k  scos{8+a)-k_n+a  -s  t)  {51} 

^  o  2  o  e 


<ko+kl) 


,2  -'2, 


3{K2-ko5in(0-ha)-  7<sin(9*al-B  %-)  (56) 


if  k2*k sinCS+a) 

Bycusing  Bernoulli's  equation,  we  may 
write  {54}  correct  to  second  order  in  wave 
amplitude  as 


Fn=%pgdL  -|  ?t#2M||)2-f|i}2}d2  {57 


where 


=-i  (J—  +v£ — }  a  | 

-  gl3t  v3s,’*z=0 


By  using  equation-  {56},  we  will  now 
find  that  equation  (57}  can  be  written  as 


V*°9’a 


2{[%jp-%ccs2(e+o}] 

*0 

k2 

+*Srr=Sin{S+a)  } 


{58} 


where  k.and  k2  are  given  by  equation  {40} 
and  {41J.  Generally  speaking,  it  will  be 
complicated  to  find  the  steady  fluid  veloci¬ 
ty  V  in  equation  {40} .  Ke  will  therefore 
propose  to  set 


*vs 


Where 

V=VoCCSa+koyosin:‘ 

(52) 

and  2k,  k 

8=j-^-  jr*  sin{3+a) 

(53) 

IT* 

o  * 


He  are  new  going  to  find  average  force 
pr.  unit  length  on  the  wall  in  Fig.  5.  this 
expression  will  be  the  important  tool  to 
find  added  resistance,  transverse  drift  ami 
mean  yaw  moment  on  the  ship  in  the  asympto¬ 
tic  Jew  wave  length  case. 

By  using  the  equation  for  conservation 
of  momentum  in  the  fluid,  we  may  write  the 
normal  average  force  per  unit  length  on  the 
wall  as _ 

^epp-fiJ dz  <54  > 

n=-» 


V=UcosS  {59} 

This  is  consistent  with  slender  body 
theory.  It  gives  also  the  right  answer  for 
e=-/2,  i.e.  for  extreme  blunt  ships.  In  case 
of  small  tJ-values  and  by  using  equation  (59) , 
we  will  find  by  Taylor  expansion  that 

-  22  2s»  0 

F*-%pgc  tsia  {§+«}+— =-(l-cosicos(S+a}}  }  (60) 

*S  a  y 

When  F  is  fcur.d,  we  say  write  the  mean 
drift  forcecospooents  and  yaw  moment  correct 
to  second  order  in  wave  amplitude  as 

V  lP> naidl  (61} 

where  i  is  1,2  or  6  and  F^  is  the  added  re-* 
sistance,  P,  is  the  transverse  drift  force 
and  F ^  is  the  drift  yaw  moment  with  respect 
to  the  z-axis,  and 


where  z , ^  is  the  wave  amplitude  at  n=-»  and 
the  integrand  has  to  be  evaluated  at  1*=-* 

3y  using  the  equation  for  conservation 
of  energy,  we  find  that 


-r^ds=0 

00 


(55) 


By  us.ing  equation  {51}  in  equation  {55} , 
we  find  that 

sin  {kQscos  (»+u)  -k^n+a^s^t} 

*  sin  Ck0scos  Ct+a }  +k0nsin  (4+a }  +:!0~'~et ) 


R^slni 

n3=xOCOs8 


■s.sisf 
"  o 


The  integration  in  (61)  is  along  the 
noa-shadow  part  L  of  the  waterplane  curve 
(see  Fig.  4} . 

He  should  note  that  equation  {58}  is 
different  from  Fuji!  and  Takabashi's  asymp¬ 
totic  formula  for  head  sea.  The  differences 
can  be  most  easily  established  by  using  the 
approximate  formula  {€0}  for  small  Upvalu¬ 
es.  According  to  Fuji!  and  Takahashi's  for¬ 
mula,  the  forward  speed  tern  in  the  brackets  of 
equation  (60)  should  be  twice  as  large.  It 
should  he  noted  that  the  forward  speed  de¬ 
pendence  in  both  formulas  are  significant. 
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Fuji!  and  Takahashi  compared  their  formula 
with  experimental  results  for  i/lr=0. 5.  The 
agreement  was  good.  But  it  should  be  kept 
in  mind  that  they  only  considered  one  wave 
length,  which  may  be  too  high  according  to 
the  short  wave  length  assumption  inherent  in 
the  theory.  If  we  study  their  experimental 
results  for  \/L-0.3,  it  seems  to  indicate 
less  forward  speed  effect  than  their  formula 
predict.  But  a  more  extensive  experimental 
program  is  necessary  to  judge  the  validity 
of  the  different  formulas. 

Fujii  and  Takahashi  have  proposed  a 
practical  way  to  combine  the  asymptotic  for¬ 
mula  and  the  conventional  formulas  for  added 
resistance.  They  propose  to  multiply  the 
asymptotic  formula  with  a  quasianalytical 
formula  containing  the  draught-dependence 
of  the  ship  and  add  this  expression  to  the 
conventional  formulas. 

3.'4  Comparison  between  theoretical  and  ex¬ 
perimental  values  for  added  resistance 

The  “direct  pressure  rntegration"- 
method  has  been  used  to  calculate  added  re¬ 
sistance  on  Series  60,  C.  =0-6,  0.7,  0.8  and 
the  container  hull  from  S-175,  which  was 
used  for  the  comparative  hull  motion  calcu¬ 
lation  by  the  member  organization  of  ITXC 
(14} . 

The  calculated  values  for  the  Series 
60,  Cj=0.6,  0.7  and  0.8  are  presented  in 
Figs.11? ,  8  and  6  together  with  experimental 
and  theoretical  results  presented  by  Str«&s- 
Tejsen,  Yeh  and  Moran  {15}.  Strsa-Tejsen  et 
al.  used  Gerritsma  and  Beukelman's  formula 
together  with  motion  calculations  by  the 
Salveser.,  Tuck  and  Faltinsen  method.  Ke  may 
note  the  poor  agreement  between  Stror-Te j- 
sen  et  al’s  theoretical  calculations  and  ex¬ 
perimental  results  for  the  fine  ship  forms. 

It  was  pointed  oat  in  a  discussion  by  Ger- 
ritsaa  and  Beukelman  that  it  was  possible 
to  achieve  far  better  agreement  between  Ger- 
ritsma  and  Beukelman's  method  and  the  experi¬ 
mental  results  if  their  own  computer  program 
for  motion  calculations  was  used.  From  the 
figures,  we  note  the  good  agreement  between 
our  theoretical  calculations  of  added  re¬ 
sistance  and  the  experimental  results.  Xe 
should  note  the  small  difference  in  the  re¬ 
sults  by  using  either  the  relative  notion 
hypothesis  or  by  using  Skjdrdal  and  Faltin- 
sen's  (11)  procedure  to  calculate  the  dif¬ 
fraction  potential.  We  have  also  plotted  in 
theoretical  values  by  our  asymptotic  theory. 
Xe  note  that  the  theoretical  values  are 
significant  scalier  than  the  experimental 
values  for  Cb=0.6  and  0.7,  while  there  is 
tendency  to-  agreement  between  the  asympto¬ 
tic  theory  and  experimental  values  for  C»= 
0.8.  But  the  great  scatter  in  experimental 
values  indicates  great  difficulties  in  per¬ 
forming  model  tests. 

Theoretical  and  experimental  results  for 
for  the  ITTC  ship  s-175  are  presented  is 
Figs.  9  -  16.  We  have  ccsspared  tins  theore¬ 
tical  results  toy  the  “direct  integration 
method*  with  the  theoretical  and  experiment¬ 
al  results  presented  by  Gerrltssa  and 


JournOe  (7).  The  results  are  for  different 
Frcude  numbers,  wave  headings  and  wave 
lengths.  Generally  speaking,  both  theoreti¬ 
cal  methods  agree  quite  good  with  the  ex¬ 
perimental  results.  But  there  are  signifi¬ 
cant  differences  in  the  results  by  the  two 
theories.  Further,  it  is  not  known  how  reli¬ 
able  the  experimental  results  are  in  obli¬ 
que  sea.  Some  of  the  experimental  results 
for  small  wave  lengths  are  peculiar. 
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Figure  13  Added  resistance  S-175  a=30c 
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Change  of  the  wake  due  to  waves 
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Figure  14  Added  resistance  S-175  a=30c 
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Figure  15  Added  resistance  S-175  a=60c 


Measurements  by  Nakamura  and  Naito  (16) 
and  Moor  and  Murdey  (17)  have  shown  that  the 
wave  induced  motions  of  the  ship  increase 
the  wake  velocities.  When  the  ship  model  was 
oscillating  in  regular  waves,  Nakamura  and 
Naito  showed  that  the  change  in  wake  veloci¬ 
ties  increased  v?ith  wave  height  and  that  the 
change  in  wake  was  most  pronounced  around  the 
natural  period  of  pitch.  They  also  performed 
forced  oscillation  tests  in  pitch  and  showed 
that  the  wake  velocities  increased  with 
pitch  angle  and  frequency.  Their  experiments 
indicated  that  the  pitch  motion  of  the  ship 
was  a  major  reason  to  the  increase  in  wake 
velocities.  This  can  be  qualitatively  under¬ 
stood  by  examining  the  influence  of  the  wave 
induced  motions  on  the  mean  pressure  along 
the  ship.  The  change  in  mean  pressure  at  a 
fixed  point  in  the  fluid  due  to  oscillatory 
fluid  motion  can  be  written  as 

-  n  T iu>  2  77u>  2  rrrrj  2 

«-$[<&—>  — > 1  +<!£—>  ]  <«> 

(see  equation  20) .  This  pressure  causes  a 
change  in  the  mean  flow  along  the  hull  and 
therefore  also  in  the  wake  velocities.  If  a 
flat  plate  of  large  extent  is  used  as  a  rough 
model  of  the  bottom  of  the  ship  and  the  plate 
is  pitching  harmonically,  a  rough  approxima¬ 
tion  of  equation  (62)  below  the  bottom  of 
the  ship  can  be  written  as 

Ap^-^Ugl n5|2x2  (63) 

This  indicates  that  the  pitching  motion 
of  the  3hip  will  cause  a  drop  in  mean  pres¬ 
sure  from  the  middle  of  the  ship  towards  the 
stern.  This  change  in  pressure  gradient  will 
cause  the  flow  to  be  sucked  more  towards  the 


. . . . . . 1 . . . . . . . . ilium, . nil . .  ||iiyii[:illlii|||^ 


stern  of  the  ship  and  thereby  increase  the 
flow  velocities  to  the  propeller. 

A  consequence  of  the  increased  flow 
velocities  is  that  the  boundary  layer  thick¬ 
ness  is  reduced.  Another  consequence  is  that 
the  shear  forces  on  the  ship  is  changed,  and 
that  the  separation  point  is  delayed.  This 
causes  a  change  in  the  resistance  of  the 
ship,  which  may  be  interpreted  as  a  wave- 
viscous  interaction  force.  This  is  not  in¬ 
cluded  in  our  theoretical  procedure.  The 
importance  of  this  interaction  force  is  un¬ 
known  . 

If  we  use  the  same  simple  model  to  study 
the  influence  of  forced  harmonic  heave  mo¬ 
tion,  we  will  find  that 


Since  the  associated  pressure  gradient 
is  zero,  we  do  not  anticipate  that  the  heave 
motion  will  influence  the  wake  velocities 
significantly.  It  is  more  difficult  to  tel1 
in  simple  terms  about  the  influence  of  the 
incident  and  diffracted  waves  on  the  wake 
velocities.  But  we  may  use  equation  (62)  to¬ 
gether  with  velocities  obtained  from  linear 
strip  theory  calculations  to  estimate  more 
accurately  the  change  in  the  mean  pressure 
when  the  ship  is  oscillating  in  regular 
waves.  This  includes  the  effect  of  the  heav¬ 
ing  and  pitching  motion  as  well  as  the  inci¬ 
dent  and  diffracted  waves.  Fig.  17  shows  one 
example  from  such  calculations  for  a  Series 
60  ship  with  C.  =0.6  in  regular  head  sea 
waves.  The  wave  length  is  X/L=  0.913  and  the 
Froude  number  is  0.2.  This  is  close  to  the 
resonance  condition  of  the  ship  in  pitch. 

The  results  in  Fig.  17  have  been  obtained  by 
using  equation  (62)  at  the  mean  position  of 
the  ship.  For  etch  cross-section  of  the  ship 
we  have  averaged  the  mean  pressure.  This 
averaged  mean  pressure  is  denoted  iP  in  the 
figure.  We  see  that  this  pressure-distribu¬ 
tion  is  of  a  similar  nature  as  one  would 
expect  from  equation  (63)  .  If  we  make  simi¬ 
lar  calculations  away  from  the  resonance  in 
pitch  we  will  find  a  less  pronounced  de¬ 
crease  in  the  pressure  towards  the  stern  of 
the  ship.  The  discussion  above  is  a  theore¬ 
tical  indication  that  the  oitch  motion  of 
the  ship  is  a  major  reason  to  the  increase 
in  wake  velocities  for  a  ship  oscillating 
in  regular  waves. 

In  order  to  quantitatively  evaluate  the 
effect  of  the  pressure  distribution  (62)  on 
the  boundary  layer  and  the  wake,  we  have 
adopted  a  rough  theoretical  model.  We  would 
certainly  like  to  stress  that  our  model  has 
short-comings.  In  the  boundary  layer  calcu¬ 
lations  we  have  assumed  that  the  boundary 
layer  is  thin,  which  is  highly  questionable 
at  the  stern  of  the  ship.  It  is  difficult  to 
know  how  the  boundary  layer  is  following  the 
ship  in  the  oscillatory  motion,  but  it  is 
intuitively  felt  that  the  ship  should  not 
move  out  of  its  own  boundary  layer.  We  will 
use  the  following  procedure.  We  calculate 
first  the  boundary  layer  as  if  the  ship  was 
in  its  mean  oscillatory  position.  But  note 
that  we  in  those  calculations  will  take  into 
account  the  effect  of  the  oscillatory  motion 


Figure  17  Average  mean  pressure  due  to 
wave  induced  motions 

of  the  ship  on  the  mean  pressure  distribu¬ 
tion  around  the  ship.  After  we  have  calcula¬ 
ted  the  steady  boundary  layer  due  to  both 
the  still  water  pressure  distribution  and 
the  oscillatory  fluid  motion,  we  assume  that 
this  boundary  layer  is  attached  to  the  oscil¬ 
lating  ship.  We  have  used  a  two-dimensional 
model  for  the  boundary  layer  calculations 
and  assumed  that  the  boundary  layer  thickness 
is  only  a  functio  i  of  the  longitudinal  co¬ 
ordinate  of  the  ship.  Physically  we  should 
interprete  this  boundary  layer  as  an  aver¬ 
aged  boundary  layer  for  each  cross-section. 
The  pressure  gradient  that  we  apply  is  ob¬ 
tained  from  averaging  tne  pressure  over  each 
cross-section.  Associated  with  this  average 
pressure  distribution  p(x),  there  is  a  fluid 
velocity  V(x)  outside  the  boundary  layer. 
According  to  Bernoulli's  equation,  we  may 
write 

V (x)  =  /l-EJ*i'  g  (65) 

where  U  is  the  free  stream  velocity.  The 
boundary  layer  was  calculated  applying  the 
equations 


•517- 


0 (x) =V-’ (x)*0.0106  jVuid?  (66) 

and  -L/2 

a2=0  (x)/(V(^9  (x)  )°.1666  (67) 

where  $2  is  the  momentum  thickness  (see 
Thwaites  (18))  and  L  is  the  length  between 
perpendiculars  of  the  ship.  We  have  assumed 
that  the  flow  is  turbulent  from  the  bow  of 
the  ship. 

We  have  applied  equations  (66)  and  (67) 
on  a  pressure  distribution  similar  to  that 
measured  on  a  Series  60  model  (C.=0.6)  in 
still  water  at  F  =0.2.  The  average  pressure 
distribution  p(x)*  that  we  applied  is  pre¬ 
sented  in  Table  1. 

Table  1 


-0.45 

-0 .  jo 

-0.25 

-0.15 

-0.05 

0.2 

-0.1 

-0.2 

-0.22 

-0.2 

0.05 

0.15 

0.25 

0.35 

0.45 

-0.19 

-0.18 

-0.17 

-0.1 

0.15 

When  the  boundary  layer  thickness  ob¬ 
tained  by  using  equations  (66)  and  (67)  was 
compared  to  values  calculated  by  Webster  and 
Huang  (15)  by  a  more  accurate  procedure,  we 
found  a  quite  satisfactory  agreement.  The 
momentum  thickness  at  x/L=0.45  which  is 
close  to  the  stern,  was  found  to  be 
i2/L=0. 00442.  If  we  added  the  pressure  di¬ 
stribution  presented  in  Fig.  17,  we  found 
that  6,/L=0. 00403  for  c/L=0.01  and 
<S2/L=0700332  for  c  /L=0.02  at  x/L=0.45.  This 
confirms  the  expected  decrease  in  the  bound¬ 
ary  layer  thickness  due  to  the  wave  induced 
motions  of  the  ship. 

When  the  boundary  layer  along  the  hull 
has  been  calculated,  we  may  evaluate  the  wake 
behind  the  body.  We  assume  that  the  velocity 
in  the  wake  behind  a  two-dimensional  body  or 
a  body  of  revolution  can  be  written  as 

c-W1-^")2  <68> 

o  o 

where  n  is  a  coordinate  defined  below.  In 
the  case  of  a  body  of  revolution,  n  is  equal 
to  the  radial  distance  from  the  rotational 
symmetry  axis.  In  the  case  of  a  vertical  plane 
coinciding  with  the  centre  plane  of  the  ship 
n  will  be  equal  to  the  y-coordinate  defined 
in  Figure  1.  In  the  case  of  the  ship  the 
wake  distribution  will  be  a  mixture  of  these 
two  cases,  and  we  will  define  n  as  the  ra¬ 
dial  distance  from  the  propeller  shaft 
centre.  Further,  6^  in  equation  (68)  is  the 
boundary  layer  tnicxness,  v  is  Uie  velocity 
at  n=5  ,  vQ-v  is  the  velocity  at  n=0,  and 
m  is  an  empirical  constant  which  we  have  set 
equal  to  1.5.  In  a  practical  case,  v  and 
v  have  to  be  experimentally  determined* 

®  V 

If  the  boundary  layer  is  changed,  ---a- 
will  change.  We  have  o 


£“*>6  =  £“K)'«o  {69) 

vo  o 

(see  for  instance  Tanaka  (20)).  Here  the 
apostrophe  indicates  the  changed  values. 

This  implies  that  with 

_  v_.„  „  m  ^ 

(l-w(£-))  =1— M£(i-<«)  )  (70) 

So  s  vo  6o 

in  still  water,  we  may  write  the  wake  in 
waves  as 

(l-wtfr))  =1-^S  ^i(l-(|r)m)2  (71) 

o  w  o  2  o 

where  w  is  the  radial  wake  fraction.  We  have 
assumed  that  £2j/S2=So^So  *n  e<3uati-on  (71) . 

We  are  now  going  to  usethis  procedure  to 
compare  with  the  experimental  results  by  Na¬ 
kamura  and  Naito  (16)  (see  Fig.  18) . 

1,6  il-w)a/  [container  ship  model  !  I  ”  1 
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Figure  18  Nakamura  and  Naito' s  experiment¬ 
al  wake  results 

They  measured  the  radial  wake  distribution  in 
the  propeller  plane  when  the  propeller  was 
not  there,  and  the  ship  was  oscillating  in 
waves.  As  stated  earlier  in  the  text,  our 
results  are  for  the  same  condition.  Accord¬ 
ing  to  Nakamura  and  Naito 's  still  water  re¬ 
sults,  we  find  that  0 . 8 .  Further,  they 

o 

got  the  results  in  regular  waves  for  , 

5  /L=0.01.  We  have  earlier  calculated  62/62 
f|r  q  /L=0.01  and  0.02.  We  have  found 

ana  0*75  respectively.  If  we  use 

fil/So3®*75  in  our  calculations,  we  will  find 
tne  following  wake  distribution  by  equation 
(70)  and  (71)  (see  Table  2) 

Table  2 


n 

5o 

0.1 

0.2 

0.3 

0.4 

0.5 

d-w)w 

(1-w) 

1.835 

1.644 

1.51 

1.401 

1.314 

0.65  1.0 

1.19  1.0 

If  we  instead  use  6 1/6 ,=0.9,  we  will 
find  that  (see  Table  3) 
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Table  3 


n 

so 

0.1 

0.2 

0.3 

0.4 

0.5 

(1-W)W 

1.33 

1.225 

1.200 

1.161 

1.13 

(1-w) 

& 

0.65  j 

0.9 

1.091  | 

!  1.0 

In  Nakamura  and  Naito's  experiments  it  seems 
like  60'v2-3R.  The  values  in  table  2-3  are  of 
the  same  order  of  magnitude  as  the  experi¬ 
mental  values  by  Nakamura  and  Naito  (16)  and 
show  a  similar  radial  distribution  as  their 
results.  As  an  extra  control  we  also  found 
that  the  volumetric  mean  wake  is  of  the  same 
order  of  magnitude  as  Nakamura  and  Naito ' s 
results.  We  therefore  believe  that  we  have 
clarified  important  physical  reasons  to  the 
change  of  the  wake  due  to  wave  induced  mo¬ 
tions  of  the  ship. 

4,2  Change  of  the  open  water  propeller 

characteristics  due  to  the  waves 

Analysis  of  propulsion  factors  based 
on  resistance  and  propulsion  tests  in  waves 
is  traditionally  done  by  fitting  data  into 
open  water  propeller  diagram  derived  from 
tests  with  the  propeller  deeply  immersed. 

But  it  is  well  known  that  the  open  water 
propeller  diagram  is  a  function  of  sub¬ 
mergence,  in  particular  when  h/R<1.5,  where 
h  is  the  distance  between  the  water  surface 
and  the  propeller  shaft  center.  When  the 
propeller  is  oscillating  in  waves,  it  may 
very  well  periodically  be  in  instantaneous 
positions  where  h/R<1.5.  This  is  particu¬ 
larly  true  when  the  ship  is  in  ballast  con¬ 
dition.  This  implies  that  it  may  be  physi¬ 
cally  wrong  to  use  deeply  submerged  open 
water  diagram  in  the  analysis  of  a  propeller 
in  waves.  This  may  lead  to  wrong  conclusions 
about  effective  wake,  relative  rotative  effi¬ 
ciency  and  propeller  efficiency.  In  order  to 
develop  a  more  physical  open  water  propeller 
diagram  when  the  propeller  is  oscillating 
in  waves,  we  have  adopted  a  simple  theore¬ 
tical  model.  Since  the  wave  induced  motion 
occur  with  a  significant  lower  frequency 
than  the  propeller  revolution,  we  have  used 
a  quasi-dynamic  approach.  At  each  instant¬ 
aneous  position  of  the  propeller  shaft  centre 
relative  to  the  water  surface  we  are  using 
the  propeller  characteristics  that  would 
be  valid  if  the  propeller  was  not  heaving 
and  pitching  in  waves.  We  will  therefore 
discuss  how  the  open  water  propeller  diagram 
is  a  function  of  propeller  submergence. 

The  propeller  sets  up  a  steady  wave  motion 
when  it  is  v/orking  close  to  the  free  surface. 
This  will  lead  to  a  reduction  in  the  propel¬ 
ler  thrust.  This  reduction  is  a  function  of 
the  propeller  loading  and  the  Froude  number 
V/^gn  as  originally  showed  by  Dickmann  (21). 
Later  on  Nakatake  (22)  and  Nowacki  and 
Sharma  (23)  made  similar  calculations.  We 
have  in  our  example  presented  below  used 
Naka takes  results. 


Corrections  due  to  wave  effects  are  of 
particular  importance  when  l<h/R<1.5.  But 
when  h/R<l,  the  thrust  must  be  corrected  due 
to  ventilation  and  the  emergence  of  the  pro¬ 
peller.  The  ratio  of  the  immersed  disc  area 
A,  of  the  propeller  to  the  disc  area  A  of 
tne  propeller  is 


where 

6=2  arccos^ 

We  have  assumed  that  the  thrust  is  pro¬ 
portional  to  A. . 

Another  effect  we  .have  to  take  into  ac¬ 
count  is  what  we  call  the  Wagner-effect.  When 
a  propeller  blade  splashes  into  the  water, 
there  will  be  a  sudden  increase  in  lift. 
Wagner  (24)  studied  a  related  problem  for 
the  two-dimensional  foil,  and  found  that  the 
sudden  increase  amounted  to  50%  of  the  value 
for  the  fully  developed  lift.  The  socalled 
Wagner  function  gives  the  ratio  between  the 
instantaneous  lift  and  the  fully  developed 
lift  as  a  function  of  chordlengths  travelled 
after  the  sudden  change.  One  procedure  would 
be  to  use  blade  element  theory  and  study  the 
distance  each  blade  element  travel  compared 
to  the  chord  length  after  the  sudden  change, 
and  then  apply  the  Wagner  function.  In  our 
calculation,  we  have  followed  a  simpler  pro¬ 
cedure  by  examining  an  "equivalent”  section 
of  the  propeller.  The  results  are  presented 
in  Fig.  19,  where  x  is  the  ratio  between  the 
real  thrust  of  the  propeller  and  the  fully 
developed  thrust  of  the  immersed  propeller 
disc  and  is  due  to  the  steady  wave  motion 
created  by  the  propeller. 


We  may  now  write 

kt=SKTo  (73) 

where  K„  and  K_  are  the  thrust  coefficients 
for  the  aeeply  immersed  propeller  and  for  the 
propeller  at  immersion  h/R.  The  thrust  dimi- 
nuation  factor  B  without  the  effect  of  ventil- 
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ation  can  be  written  as 


0=Bo*el‘x  <74) 

where  g  is  defined  in  equation  (72) ,  g.  is 
due  to  the  steady  wave  motion  created  by  the 
propeller  and  r  is  due  to  the  Wagner  effect. 
A  comparison  between  the  procedure  described 
above  and  experimental  results  by  Kempf  (25) 
is  presented  in  Fig.  19.  The  agreement  is 
certainly  too  good.  Note  that  we  have  not 
taken  into  account  neither  partly  nor  full 
ventilation,  which  is  of  particular  import¬ 
ance  for  smaller  Ja=Va/r.U-numbers ,  than  we 
have  considered  in  the  example.  The  effect 
of  ventilation  is  illustrated  in  Fig.  20, 
where  the  efficiency  of  a  propeller  is  given 
for  both  the  partly  and  fully  developed 
range  as  a  function  of  immersion  and  loading. 
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Figure  20  Change  in  propeller  efficiencv  due 
to  propeller  loading,  immersion  and  ventila¬ 
tion  (from  Gutsche  (26)). 

If  the  propeller  thrust  is  changed  with 
immersion,  there  is  also  a  change  in  the 
torque  coefficient  Kq.  But  due  to  the  drag 
force  on  the  propeller,  the  change  in  K_  is 
not  the  same  as  the  change  in  K_.  Modelutests 
by  Kempf  (25)  and  Gutsche  (26)  indicate  that 

KQ=g%0  (75) 

where  m  is  a  constant  between  0.8  and  0.85, 
and  Kq0  is  the  propeller  torque  coefficient 
for  the  deeply  immersed  propeller. 

The  final  part  of  our  procedure  is  to 
average  g  and  gm  over  one  wave  cycle.  It  is 
then  necessary  to  know  cither  from  model 
tests  or  theoretical  calculations  the  rela¬ 
tive  vertical  motion  between  the  propeller 
shaft  centre  and  the  water  surface.  We  may. 
now  write  the  open  water  diagrams  for  the 
propeller  operating  behind  a  ship  oscil¬ 
lating  in  regular  waves  as 

KT=8  KTq  (76) 

Kq=B*  KQo  (77) 

where  the  bar  indicates  average  values  of  B 
and  Bm  over  one  wave  period. 

From  the  discussion  above,  we  may  anti¬ 
cipate  that  the  change  in  open  water  propel¬ 
ler  characteristics  due  to  waves  is  most 
pronounced  in  the  vicinity  of  the  natural 
periods  in  heave  and  pitch  and  for  a  ship 
in  ballast  condition. 


4.3  False  changes  in  propulsive  coefficients 


due  to  waves 

We  have  in  the  last  chapter  pointed  out 
that  it  is  not  physically  correct  to  use  the 
open  water  diagram  for  the  deeply  immersed 
propeller  if  the  propeller  is  heaving  and 
pitching  and  operating  close  to  the  free 
surface.  If  we  use  wrong  open  water  diagram 
it  may  lead  to  false  changes  in  the  propul¬ 
sive  coefficients.  This  is  explained  below. 

Denoting  in  accordance  with  Fig.  21  the 
propulsion  factors  when  an  open  water  diagram 
corrected  for  immersion  is  used  ir.  the  ana¬ 
lysis  by: 

w  ,  t*,  n*,  n*,  nS,  n*,  KS,  K*  and  the  corre¬ 
sponding  values  with  a  noncorrected  open 
water  diagram  by: 

w,  t,  n n ,  Hp,  nH,  K(p,  *Kq,  JA  we  must  have 
np*nR*n{j=np*ng*njf.  If  thrustidentity  is  used 

in  the  analysis  (K*r=K*)  and  the  torque  coef¬ 
ficient  in  the  behind  condition  is  Kq  we  get 
approximately  * 

j  (K*  i. )  t  To) 

JA  KT)(d3A~) 

n$= - oz - 


_  dK„  K„ 

.Mr  QQ ,  T 
8  (~ 

A  ? 


V 


_  dKn_  K  dK_  -1 

kt}  +vkq3 


dKTo 

where  and  are  the  slopes  of  the 

diagram  for  the  deeply  immersed  propeller  a 
the  advance  coefficient  Ja.  For  the  wake  we 
find  that  a 

1-W  JA 

Further,  if  t=t* 


- Deeply  Immersed 

- Partly  Immersed 


KKao 


!  ■> 


Ja  Ja  ,  -Ya. 

JA~  nD  . 

Figure  21  Open  water  diagram  for  partly  and 
deeply  immersed  propeller 
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Equations  (78)  -  (80)  have  been  used  in 
the  example  presented  in  Fig.  22.  The  re¬ 
sults  are  given  as  functions  of  f.  The  open 
water  propeller  diagram  that  was  used,  was  a 
typical  propeller  diagram  for  a  merchant 
ship. 


In  the  example:  JA=  0.4 

31h=  10 
KT=  0.227 
Kq=  0  029 
.  T)„=  1.079 


0.428 

dJA 


zaki  (27)  and  experimentally  by  Johnsson 
(28), 

Yamazaki  calculated  the  changes  in  hr 
due  to  the  radial  distribution  of  the  mean 
load  and  the  influence  of  the  different  har¬ 
monics  of  the  unsteady  components  of  the 
wake.  The  latter  being  the  most  important 
factor.  The  calculations  and  the  experiments 
showed  that  np  for  a  given  wake  distribution 
will  increase  with  decreasing 

Nakamura  and  Naito  (16)  measured  the 
wake  behind  the  model  in  waves  and  found  that 
the  radial  wake  distribution  was  more  homogen¬ 
ous  in  waves  than  in  still  water.  If  also 
vmax/vo  <see  equation  (62))  is  reduced  due 
to  the  decrease  in  boundary  layer  thickness, 
this  may  result  in  a  reduced  isp-value. 

It  is  impossible  to  draw  general  conclu¬ 
sions  about  the  influence  of  waves  on  t)R 
from  the  experimental  data  we  have  at  the  mo¬ 
ment.  The  reason  is  presence  of  false  effects. 
But  it  should  be  reasonable  to  use  the  still 
water  value  also  in  severe  conditions  if  the 
propeller  characteristica  is  corrected  for 
immersion. 


Figure  22  False  changes  in  propulsion  fact¬ 
ors. 

The  results  that  one  will  get  if  one 
uses  the  open  water  diagram  for  deeply  sub¬ 
merged  propeller,  corresponds  to  8=1.  But 
for  a  propeller  operating  close  to  the  free 
surface,  i  may  differ  substantially  from  1. 
From  the  figure,  we  note  that  the  propulsive 
factors  are  quite  sensitive  to  1!. 

Obviously  we  may  in  principle  use  any 
open  water  diagram  in  the  analysis  but  we 
will  end  up  with  false  values  for  w,  nH 
and  r.p  if  we  are  not  using  a  diagram  corre¬ 
sponding  to  the  correct  B-value.  With  false 
values,  we  mean  that  the  result  will  not  re¬ 
flect  the  physical  realities. 

4.4  Changes  of  r\D  due  to  waves 


Wn  =  0. 17 


Moor  and  Murdey  (17)  and  later  Nakamura 
and  Naito  (16)  showed  that  p-  sometimes 
changed  in  severe  wave  conditions  compared 
to  still  water.  Boch  increasing  and  decrea¬ 
sing  values  were  reported.  This  change  in 
np  can  to  some  extent  be  explained  as  false 
changes  due  to  use  of  an  open  water  diagram 
for  deeply  submerged  propeller.  But  there 
may  be  real  changes  in  np  due  to  changes  in 
the  wake  field  and  the  propeller  loading. 
This  has  been  showed  theoretically  by  Yama- 


Figure  23  Change  in  thrust  deduction  due  to 
propeller  loading 

4.5  Changes  of  thrust  deduction  due  to  waves 

Moor  and  Murdey  (17)  observed  that  the 
thrust  deduction  decreased  with  increasing 
wave  height  and  reached  a  minimum  around  the 


natural  period  in  pitch.  Nakamura  and  Naito 
(16)  made  similar  observations.  Neglecting 
the  wave  induced  wake  and  assuming  an  uniform 
source  distribution  over  the  propeller  disc 
Nowacki  and  Sharma  (23)  came  to  the  fol¬ 
lowing  simplified  expression  for  the  potent¬ 
ial  thrust  deduction  fraction  in  still  water 


1+/1+CT’  *  " 

(see  Fig.  23)  where  CT=TP/ (|va2uR2) ,  Tp  = 
Propeller  thrust,  w  =  effective  wake,  wP  = 
potential  wake.  R  =  propeller  radius  and  Va 
defined  in  equation  (3).  Equation  (81)  could 
probably  be  applied  in  waves.  If  we  do  that 
and  use  information  about  propeller  loading 
in  waves  compared  to  still  water,  we  will 
find  a  decrease  int  of  the  same  order  as  measured 
in  model  tests.  Overload  tests  in  still  water  gave  si¬ 
milar  results  to  those  in  Fig.  23  (Bindel  (29) ) .  This 
indicates  that  overload  tests  in  still  water  can  give 
information  about  thrustdeduction  in  waves. 

One  consequence  of  the  dependence  of  t 
on  the  loading  is  that  there  will  be  no  li¬ 
nearity  between  thrust  and  resistance  in¬ 
crease.  This  can  be  seen  for  instance  by  ex¬ 
amining  equation  (2)  and  by  using  the  re¬ 
sults  above. 

5.  DETERMINATION  OF  RPM  AND  HP  IN  A  SEAWAY 

We  have  in  the  text  above  discussed  how 
the  propulsive  coefficients  and  added  resist¬ 
ance  change  in  regular  waves.  We  may  then 
use  equations  (1)  and  (2)  to  find  RPM  and  HP 
in  regular  waves. 

If  the  forward  speed  of  the  ship  is 
given,  we  may  use  equation  (2)  to  find  pro¬ 
peller  revolution  and  then  use  equation  (1) 
to  find  the  horsepower  in  regular  waves.  We 
have  done  that  in  a  case  near  the  natural 
period  in  pitch.  The  propulsion  factors  are 
then  influenced  by  the  wave  induced  motions. 
As  anticipated  we  found  that  the  added  ship 
power  in  regular  waves  did  not  vary  as  the 
square  of  the  wave  amplitude,  which  is  the 
functional  dependence  of  the  added  resist¬ 
ance.  This  complicates  the  prediction  of 
added  power  in  irregular  sea. 

We  will  here  propose  a  new  method  to 
handle  the  irregular  sea  case  when  the  pro¬ 
pulsion  factors  are  dependent  on  the  waves. 
This  effect  is  most  pronounced  when  there  is 
significant  wave  energy  for  frequencies  in 
the  vicinity  of  the  natural  frequencies  in 
heave  and  pitch,  and  for  a  ship  in  ballast 
condition.  We  assume  that  the  effect  of  wind 
can  be  added  as  a  constant  resistance  force. 
The  method  resembles  a  procedure  used  ir.  cal¬ 
culating  slowdrift  oscillations  of  a  ship  in 
irregular  waves  (Hsu  and  Blenkarn  (30))  and 
is  based  on  a  narrow  banded  wave  spectrum. 

The  procedure  implies  that  we  create  a  time- 
trace  realization  of  the  irregular  waves  and 
locate  the  zero-upetossing  wave  elevation 
time  instants.  We  then  approximate  the  wave 
between  each  zero-uperossing  time  instants 
by  a  regular  wave  of  wave  amplitude  ca  and 
wave  period  T.  For  that  particular  regular 
wave  we  estimate  the  added  resistance  and 


the  propulsion  factors.  When  that  has  been 
done,  we  solve  equations  (1)  and  (2)  and 
find  RPM  and  HP.  By  repeating  this  proce¬ 
dure  we  will  find  a  slowly  varying  time 
trace  of  RPM  and  UP.  We  may  also  find  a  slow¬ 
ly  varying  time  trace  of  the  ship  speed  if 
we  assume  that  the  machinery  characteristics 
are  given.  Traditionally  one  has  been  inte¬ 
rested  in  average  values  for  ship  speed  and/ 
or  power  in  a  seaway.  This  is  easy  to  obtain 
from  the  procedure  above,  but  one  may  quest¬ 
ion  why  one  should  not  consider  the  extreme 
values  of  added  power. 

If  the  propulsion  factors  in  waves  are 
the  same  as  in  still  water,  for  instance  in 
moderate  sea  conditions,  it  is  easy  to  gene¬ 
ralize  equations  (1)  and  (2)  to  irregular 
waves  by  introducing  mean  added  resistance 
in  irregular  waves  in  the  left  hand  side  of 
equation  (2) .  This  has  been  done  by  JournSe 
(31) .  We  may  note  that  this  procedure  do  not 
find  the  slowly  varying  time  trace  of  RPM, 

HP  and/or  ship  speed.  It  only  provides  us 
with  mean  values. 

The  procedure  described  above  may  be 
avoided  if  we  carry  out  propulsion  tests  of 
a  model  with  propeller  in  waves.  An  obvious 
disadvantage  with  the  direct  procedure  is 
that  it  leads  to  extensive  and  expensive 
model  testing  in  order  to  cover  many  sea 
states.  One  should  also  be  careful  with  the 
model  testing  procedure.  Tests  are  usually 
carried  out  at  model  self-propulsion  point. 
This  may  lead  to  erroneous  answer.  In  a  cal¬ 
culation  that  we  carried  out,  we  found  that 
increases  in  power  and  rpm  measured  on  a 
model  working  in  a  seaway  at  the  model  self¬ 
propulsion  point  will  in  severe  conditions  be 
much  larger  than  if  the  model  was  working  at 
the  self-propulsion  of  the  ship.  This  indi¬ 
cates  that  one  should  run  the  model  at  ship 
propulsion  point. 

6 .  CONCLUS1 3NS 

1.  A  procedure  for  calculating  added  re¬ 
sistance,  transverse  drift  force  and  mean 
yaw  moment  on  a  ship  in  regular  waves  of  any 
wave  direction  it  derived.  An  asymptotic  for¬ 
mula  for  small  wave  lengths  have  also  been 
derived.  The  agreement  between  theoretical 
and  experimental  results  is  generally  good- 
It  is  pointed  out  that  model  tests  in  the  low 
wave  length  range  for  blunt  ships  are  needed. 

2.  in  severe  conditions  there  will  be  a 
negative  wake  induced  by  the  motions  of  the 
ship.  This  change  in  wake  may  be  roughly 
estimated  or  determined  experimentally. 

3.  Analysis  of  propulsion  tests  in  waves 
based  on  a  propu, ler  diagram  not  corrected 
for  immersion  effects  will  give  "false*  w,  r,R« 
and  np  values  and  results,  that  do  not  re¬ 
flect  the  physical  realities  if  the  model  has 
been  tested  in  severe  wave  conditions. 

4.  Prediction  of  RPM  and  HP  of  a  ship  in 
irregular  sea,  in  particular  when  the  ship 
is  close  to  resonance  condition  in  heave  and 
pitch  and/or  in  ballast  condition,  is  not 
straigthforward.  A  procedure  to  handle  the 
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problem  is  proposed. 
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Discussion 


Y.  Hirneno  (Unit/.  ol Osa‘*a  P/elecwe) 

My  question  is  concerning  the  wake 
decrease  in  waves.  The  authors  method  con¬ 
sists  of  2  points:  The  first  is  to  introduce 
an  additional  time-mean  pressure  field  due 
to  oscillating  fluid  motion.  The  other  is 
to  apply  it  to  a  steady  boundary  layer  equa¬ 
tion.  However,  it  is  still  unclear  to  me 
whether  the  2nd  point  is  reasonable  or  not. 
Furthermore,  a  simple  heaving  motion  and 
incoming  wave  itself  do  not  make  large  con¬ 
tribution  to  the  decrease  of  the  stern  wake 
in  your  method. 

I’d  like  to  propose  another  approach 
to  this  problem.  Let  us  assume  the  flow 
velocity  outside  the  fcoudary  layer  consists 
of  2  parts:  one  is  the  steady  flow,  the 
other* is  a  small-order  harmoniously  oscil¬ 
lating  flow,  which  is  progressing  along  the 
main  flow  direction.  We  can  substitute 
these  velocities  into  an  unsteady  (time- 
dependent)  boundary  layer  equation,  and 
expand  it  up  to  the  2nd  order  terms. 

Then  the  steady-flow  solution  will 
come  out  from  the  zero-th  order  term  and 
the  2nd  order  term,  too.  The  2nd-order 
steady-flow  term  is  proportional  to  the 
square  of  the  amplitude  of  the  oscillating 
velocity  outside  the  boundary  layer,  and 
this  will  increase  the  flow  velocity  inside 
the  boundary  layer. 

This  method  has  already  been  developed 
by  some  workers  in  the  case  of  2-d.  laminar 
flow.  So  I  think  this  can  be  easily  applied 
to  the  case  of  turbulent  boundary  layer - 
I'd  like  to  hear  your  opinion  on  this  point. 


intend  a  correct  estimation  of  the  second 
order  pressure  in  the  near  field,  because 
not  only  the  quadratic  term  in  the  pressure 
equation  must  be  evaluated,  but  the  effect 
of  the  deviation  of  the  hull  surface  from 
its  average  position  to  the  second  order 
terms  should  be  taken  into  account.  By  the 
momentum  analysis  on  the  control  surface 
fixed  in  space  at  a  great  distance,  on  the 
other  hand,  is  relieved  of  this  difficulty 
and  the  second  order  terms  can  be  collected 
quite  easily.  3  wonder  if  the  authors 
would  point  out  a  definite  merit  of  the 
method  of  direct  integration  of  pressure 
with  all  its  above  mentioned  disadvantages. 


H.  Ftp  (MHO 

At  first,  we  would  like  to  show  our 
respect  to  the  very  rigorous  investigation 
presented  by  authors  on  a  procedure  for  cal¬ 
culating  added  resistance  of  a  ship  in  a 
seaway.  We  appreciate  this  interesting 
paper  very  much. 

Authors  dealt  with  the  added  resistance 
of  a  ship  consistently  by  theoretical  cal¬ 
culation  taking  account  of  added  resistance 
due  to  wave  reflection  at  blunt  bow  and 
derived  the  asymptotic  formula  for  the  low 
wave  length  case.  In  this  case,  the  effect 
of  ship  speed  on  added  resistance  due  to 
wave  reflection  may  be  quite  important  as 
pointed  out  by  the  authors.  They  stated  the 
forward  speed  term  in  the  brackets  of 
tion  (60)  should  be  twice  as  large  in 
paring  with  our  approximate  formula, 
ever,  putting  a  =  0  in  equation  (60), 

Fn  ",  |j>g£%  Sina3  (1  +  ) 


equa- 

com- 

How- 


* 

\ 


H.  Mania  (Yokohama  N  urn*  j 

In  this  paper,  the  authors  develop  a 
computation  method  of  the  added  resistance 
and  lateral  drift  force  in  waves,  by  means 
of  direct  integration  of  the  hydrodynamic 
pressure  on  the  hull  surface.  The  average 
forces  which  are  independent  of  time  are 
computed  so  far  usually  by  formulae  derived 
by  energy  and  momentum  analysis  on  a  control 
surface  at  a  great  distance  from  the  ship. 
The  latter  method  has  an  advantage  that  we 
need  only  the  asymptotic  behavior  of  radiat¬ 
ing  and  diffracted  waves  at  a  great  distance 
where  the  fluid  motion  is  expressed  by  sim¬ 
ple  equations.  If  we  wish  to  calculate  the 
pressure  on  the  null  surface,  we  necessitate 
a  full  equation  for  the  fluid  motion  near 
the  ship,  which  is  so  complicated  that  its 
exact  formulation  is  far  to  reach.  Approx¬ 
imation  is  indispensable  resulting  lack  of 
accuracy  and  reliability.  One  of  great 
disadvantages  is  that  the  steady  drift  force 
is  a  quantity  of  second  order.  One  has  to 
take  up  all  terms  of  second  order  without 
emission.  This  is  a  tremendous  task  if  we 


while  our  approximation  is,  using  the  same 
notation  to  the  above  equation, 

Fn  •v  sin26  (1  +  cu)a» 

where 

a i  :  correction  factor  for  wave  length 
and  finite  draft 

a j  :  correction  factor  for  forward 

speed  c2  =  5/Fn,  based  on  experi¬ 
mental  results  (Ref.l)). 


This  is  the  similar  expression  to  the  au¬ 
thors'  one. 

In  Nagasaki  Experimental  Tank,  we  have 
already  carried  out  experiments  on  the 
added  resistance  of  ship  in  low  wave  length 
for  several  kinds  of  ship  models.  There¬ 
fore,  we  compared  our  experimental  data  with 
the  calculated  values  by  use  of  equation 
(60)  for  two  fine  ship  models  and  four  full 
ship  models.  Results  are  shown  in  Fig.l 
to  Fig. 6  It  seems  that  equation  (60)  gives 
good  estimation  for  full  ship  models  includ¬ 
ing  the  effect  of  forward  speed  and  is  very 
attractive  formula  from  practical  point  of 
view. 
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For  added  resistance  of  fine  ship  model 
in  high  Froude  number,  Fn  =  0.25  -  0.35, 
however,  there  are  found  considerable  large 
difference  between  the  computed  values  and 
the  measured  one.  This  tendency  is  the  same 
for  our  approximation.  Tt  might  be  neces¬ 
sary  to  review  the  assumptions  in  the  der¬ 
ivation  of  asymptotic  formula  for  fine  ship. 
In  respect  to" this  fact,  we  consider,  fur¬ 
ther  investigation  would  be  necessary. 

REFERENCE 
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J.  Gemtsma  and  W.  BetAelman  (i  utrr,  Dsm 

The  author's  give  an  interesting  com¬ 
parison  of  the  calculated  added  resistance 
and  the  corresponding  experimental  values 
in  a  few  cases.  'Hie  method  as  described 
in  their  presentation  gives  satisfactory 
results  for  three  Sixty  Series  models  but 
for  the  ITTC  S-175  ship  there  is  some  ten¬ 
dency  to  underestimate  the  added  resistance. 


i  >  i  <  i  t 
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Series  60  hull  fora;  CBs0.70,Fn=0.20 


In  this  respect  the  influence  of  an 
accurate  determination  of  the  vertical  ship 
motions  should  be  esphasized,  because  the 
added  resistance  is  to  a  fair  degree  pro¬ 
portional  to  the  squared  motion  anpli  tu-ies. 
The  influence  of  motion  amplitudes  o.i  the 
magnitude  of  added  resistance  is  clearly 
demonstrated  in  the  accompany!,. 3  figure 
where  the  added  resistance  according  to  the 
Gerritsaa-Beukelman  method  has  been  calcu¬ 
lated  by  using  three  different  motion  am¬ 
plitude  response  functions.  Curve-  no.  1. 
has  been  obtained  by  using  the  motion  pre¬ 
diction  by  the  Salvesen  et  al  method.  Curve 
2  gives  the  results  when  the  Delft  motion 
calculation  is  used.  Finally  curve  3  is 
the  result  of  added  resistance  calculation 
when  experimental  motion  amplitudes  arc 
used. 

The  calculations  have  been  carried  out 
for  a  series  Sixty  C--  =  0.70  sh inform  at 
Fn  =  0.20. 

These  last  two  results  correlate  very 
well  with  the  data  given  in  Figure  8  of  the 
present  paper. 

In  view  of  this  result  and  the  compar¬ 
ison  of  the  calculated  and  experimental 
values  in  the  Figures  9  to  16,  it  would  be 
of  interest  to  compare  the  predicted  and 
measured  motion  amplitudes  in  the  considered 
cases.  Such  data  would  be  extremely  inter¬ 
esting  for  a  more  detailed  analysis  of  the 
differences  between  calculation  and  experi¬ 
ment. 


M.  Taaag:  !ttsac<  Si£J 


Is  the  prediction  of  the  added  resist¬ 
ance  of  a  full  ship  advancing  among  the 
waves,  the  disagreement  between  theory  and 
experiment  in  the  region  of  short  wavelength 
is  a  problem  to  be  solved. 

Prof.  Faltinser.  presented  3  new  asym¬ 
ptotic  theory  of  the  added  resistance  with 
a  fine  method  but  under  a  somewhat  bold 
assumption.  I  would  like  to  discuss  about 
this  point. 

Prof.  Faltinsen  gives  eq.  (37)  as  the 
free  surface  condition  of  the  diffraction 
waves,  which  includes  the  effect  of  the 
local  steady  flow,  it  is  correct  in  the 
near  field  of  the  ship  but  not  in  the  far 
field.  Nevertheless,  the  far  field  solu¬ 
tion  is  used  in  order  to  obtain  the  normal 
average  force  acting  on  the  wall. 

For  the  sake  of  brevity,  let  us  take 
the  ease  of  a  =  0  and  8  =  Jj,  which  corre¬ 
sponds  to  the  case  where  aztwo-dicensional 
full  body  is  advancing  among  the  waves. 

In  such  a  case,  if  we  assume  the  usual 
linearized  free  surface  condition  instead  of 
eg.  (37) ,  we  have  three  reflection  waves 
and  one  transmission  wave  with  reference 
to  a  coordinate-system  fixed  to  the  earth. 
And  the  added  resistance  of  the  body  is 
owing  to  the  three  reflection  waves,  when 
the  parameter  Gae/g>l/4,  however,  the  two 
reflection  waves  of  the  three  disappear. 

Hie  rest  of  the  three,  which  is  seen  behind 
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the  body,  is  generally  so  small  that  the 
added  resistance  is  imagined  to  become 
small  with  the  increase  of  0  or  ue.  This 
tendency  contradicts  with  that  of  eq.  (60) , 

Anyway,  we  need  to  study  about  the 
behaviour  of  the  waves  in  a  field  of  non- 
uniform  steady  flow  in  order  to  clarify 
the  above  question. 

As  for  the  experimental  data,  I  quite 
agree  with  the  anthers  on  the  point  that 
more  extensive  and  more  careful  experiments 
are  necessary.  Because  the  measurements  of 
the  added  resistance  are  feared  to  include 
various  errors  such  as  mechanical  friction 
of  measurement  system,  effect  of  slow-drift 
and  so  on. 


O.C.  Murdey  PK) 

This  comprehensive  paper  draws  to¬ 
gether  the  results  of  research  published 
over  the  past  ten  years  and  goes  on  to  add 
significantly  to  the  state  of  art  in  the 
subject. 

On  the  prediction  of  added  resistance 
the  authors '  approach  certainly  leads  to 
improved  agreement  with  the  results  from 
model  tests  although,  as  stated  in  the 
paper,  there  are  problems  at  high  frequen¬ 
cies-  The  effects  of  short  waves  are  of 
particular  importance  in  predicting  ship 
speed  on  trial  where,  although  motions  are 
usually  negligible,  wave  diffraction  effects 
can  be  significant.  Generally  tbe  authors* 
asymptotic  theory  underpredicts  the  measur¬ 
ed  resistance  increase.  Zt  is  difficult 
to  understand  why  it  should  agree  well  in 
just  one  case,  the  series  60  block  coeffi¬ 
cient  O.S  model-  Although  it  is  agreed 
that  model  tests  are  difficult  to  perform 
in  such  short  waves  (especially  if  the 
waves  are  of  constant  slope  when  both  R*x 
aid  (a  will  be  small  and  their  ratio  sub¬ 
ject  to  large  scatter)  tbe  trends  shewn  in 
Figures  6  to  12  are  common,  both  in  re¬ 
sponse  curves  of  resistance  and  thrust 
increase. 

Coming  to  the  subject  of  propulsive 
coefficients  in  waves,  when  Ref .1?  to  the 
present  paper  was  published  it  was  pointed 
out  that  the  variations  in  propulsion 
factors  demonstrated  in  that  reference  were 
due,  not  only  to  variations  of  propeller 
loading  bat  also  to  then  undefined  effects 
of  changes  in  flow  as  the  model  passed 
through  the  waves.  The  breakdown  of  these 
effects  into  those  due  to  the  oscillating 
propeller  near  tbe  free  surface,  changes 
in  mean  flew  along  the  hull  and  propeller 
loading  is  logical  and  goes  a  long  way  to 
explaining  the  observations  in  a  qualita¬ 
tive  sense.  However,  the  paper  does  not 
include  an  overall  cheek  of  the  authors* 
hypotheses.  Have  the  authors  made  any 
comparisons  between  predictions  of  meas¬ 
ured  responses  of  propeller  revolutions, 
torque  and  thrust  increase  from  measured 
resistance  increase  ?  A  satisfactory 
outcome  of  such  a  comparison  would  simplify 


model  testing  considerably  since  it  would 
imply  that,  given  suitably  sophisticated 
prediction  procedures  based  oa  the  theory 
presented  in  the  paper,  it  would  be  suf¬ 
ficient  to  carry  out  only  resistance  tests 
in  waves. 

At  the  present  time  most  self-propul¬ 
sion  tests  in  waves  are  carried  out  in 
models  self-propulsion  point.  The  ex¬ 
periments  described  in  Ref. 17  were  carried 
out  specifically  to  determine  the  effects 
of  changes  of  self-propulsion  point  on  the 
increases  in  rpe  torque,  thrust  and  power. 
The  results  of  those  experiments  show  that, 
while  power  increase  is  overestimated  by 
tests  at  model  se3  r -propulsion  point  (which 
is  in  agreement  with  the  authors*  conclu¬ 
sion)  the  increases  in  rps  (together  with 
those  of  torque  and  thrust)  are,  contrary 
to  the  authors*  deduction,  underestimated. 
These  effects  were  considered  to  be  due  in 
part  to  non-linearities  of  the  rps  (etc.) 
with  resistance  in  waves. 

One  of  the  reasons  for  selecting  mod*-* 
of  self-propulsior  point  for  tests  in  waves 
is  to  provide  a  maximum  amount  of  comparable 
data  from  which  design  trends  may  be  ob¬ 
tained.  Tn  analytical  method  is  then  re¬ 
quired  to  correct  such  data  to  any  {articu¬ 
lar  ship  site  and  sea  condition.  Could  the 
authors*  comment  on  how  their  approach  may 
be  used  to  derive  such  corrections  ? 


H.  Nowackicrv  Ssfia 


This  paper  takes  an  interesting  fresh 
look  at  the  complex  and  practically  very 
significant  topic  of  the  propulsive  per¬ 
formance  of  ships  in  a  seaway.  This  subject 
does  not  seem  to  have  received  sufficient 
systematic  attention  in  the  past.  I  would 
like  to  address  a  few  comments  chiefly  to 
some  aspects  of  propulsion  and  bull-propel¬ 
ler  interaction  in  a  regular  seaway. 

In  order  to  develop  a  systematic  ap¬ 
proach  to  this  problem  it  appear;-  useful  to 
me  to  discuss  the  physical  phenomena  in 
terms  of  the  same  concepts  and  categories 
that  are  familiar  f com  the  theories  of  sea- 
keeping,  propulsion,  and  hull-propeller  in¬ 
teraction,  allowing  for  all  mutual  depen¬ 
dencies  among  these  basic  effects.  This 
suggests  that  one  should  examine  the  mutual 
relation  between  seakeeping  effects,  that 
is  flews  induced  by  the  incident  wave, 
forced  ship  motions  and  diffraction,  and 
those  due  to  propulsion  and  hull-propeller 
interaction,  subdivided  into  potential,  vis¬ 
cous  and  wave-induced  flow  effects.  The 
interaction  of  these  elements  causes  further 
flows,  much  in  analogy  to  the  way  that  pro¬ 
peller  action  modifies  the  nominal  Into  the 
effective  wake.  A  complete  description  of 
the  flew  situation  should,  in  prl  riple, 
account  for  longitudinal,  radial,  and  cir¬ 
cumferential  wake  components  and  for  all 
pertinent  degrees  of  freedom  in  ship  motions 

It  appears  to  me  that  the  authors  have 
recognised  most,  if  not  necessarily  all,  of 
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the  aforementioned  effects.  I  appreciate 
that  they  did  not  aim  at  a  complete  analysis 
of  this  ssaltifaceted  problem,  but  wanted 
to  concentrate  on  what  they  felt  to  be  the 
dominant  effects.  Sever theless  it  would 
be  helpful  if  they  could  stm®ari2e  in  a  few 
words  which  effects  in  the  foregoing  check 
list  they  have  taken  into  consideration  and 
which  ones  remain  to  be  examined  further. 

I  would  now  like  to  turn  to  a  few  more 
detailed  questions.  First,  most  of  the  in¬ 
teraction  analysis  is  quasi-steady.  This 
appears  plausible  for  some  of  the  slowly 
varying,  relatively  stable  flow  situations; 
but  how  such  instabilities  as  separation  at 
the  stern  are  affected  by  ship  motions  and 
the  seaway  is  another  natter.  Do  the  au¬ 
thors  have  any  evidence  on  this  ?  E.g. 
equation  C81)  for  the  thrust  deduction  ne¬ 
glects  viscous  effects  and  hence  cannot  be 
expected  to  reflect  any  changes  in  the 
separation  pattern  that  may  be  caused  by 
the  seaway. 

Second,  it  is  interesting  to  note  that 
some  of  the  influences  of  the  seaway  upon 
the  propulsion  factors  are  favorable,  while 
others  are  adverse.  E.g.,  a  decreasing 
thrust  deduction  looks  attractive  provided 
that  the  associated  wake  changes  do  not 
offset  this  advantage.  The  nagging  ques¬ 
tion  is  what  may  be  the  net  effect  of  the 
seaway  on  all  factors  of  propulsive  effi¬ 
ciency  combined  ?  would  the  authors  venture 
to  express  an  opinion  on  this  ? 

In  closing  I  would  like  to  comment  that 
in  my  view  this  paper  has  contributed  sev- 
ral  useful  and  original  thoughts  to  this 
complex  topic,  which,  I  hope,  will  stimu¬ 
late  much  needed  further  research  in  this 
important  area. 


Author’s  Reply 


O.M.  FsWrtsen  iMsmgjtm* 


Reply  to  Prof.  Eisenc 

Professor  Hiseno  preposes  a  different 
method  than  ours  in  order  to  explain  the 
effect  of  the  ship  motions,  incident  and 
diffracted  waves  on  the  wake.  In  our  meth¬ 
od  there  will  be  an  effect  of  all  ship  no¬ 
tions,  the  incident  and  diffracted  waves. 
Rut  it  is  right  that  we  anticipate  that 
the  pitching  motion  has  a  dominant  effect. 
Ke  have  not  included  the  effect  that  Pro¬ 
fessor  Hiseno  has  suggested  because  we 
believe  it  is  not  a  dominant  effect.  But 
we  may  be  wrong,  and  it  would  be  interest¬ 
ing  to  see  the  results  of  his  approach. 

But  if  his  approach  is  used  in  connection 
with  strip  theory  calculations  of  the  ship 
met ion  prtoles,  he  will  find  a  small  in¬ 
fluence  of  pitch  motion.  The  reason  is 
that  it  seems  that  he  bases  his  boundary 
layer  calculations  on  tangential  veloci¬ 


ties.  The  small  influence  of  pitch  motion 
contradicts  experimental  evidence  that  pitch 
motion  has  a  significant  influence  on  the 
wake  distribution. 

Reply  to  Prof.  Maruo 

Ke  do  not  mean  that  the  “direct  pres¬ 
sure  integration  method"  is  any  superior 
method  to  Maruo *s  method  which  is  based  cn 
tie  equation  for  conservation  of  momentum 
i.i  the  fluid.  But  it  is  an  alternative 
method  whic;:  is  equally  correct  to  second, 
order  in  wave  amplitude,  and  which  has  the 
advantage  that  one  more  directly  sees  the 
physical  reasons  to  added  resistance. 

Further  it  is  necessary  with  krowledge 
about  the  second  order  mean  pressure  dis¬ 
tribution  when  one  wants  to  estimate  the 
influence  of  the  ship  actions,  incident 
and  diffracted  waves  on  the  wake  distribu¬ 
tion. 

Professor  Maruo  gives  the  impression 
that  our  method  is  a  difficult  method  to 
apply.  But  we  think  he  has  misunderstood. 
Our  method  uses  the  first  order  velocity 
potential  on  the  ship  in  a  simple  manner, 
and  includes  all  necessary  terms  correctly 
to  second  order  in  wave  amplitude.  Maruo  *  s 
comment  iapl ies  that  the  first  order  ve¬ 
locity  potential  is  difficult  and  nearly 
impossible  to  calculate  on  the  ship.  But 
this  is  what  we  do  anyway  when  we  calculate 
with  good  results  linear  ship  motions, 
bending  moments,  shear  forces  and  pressure 
distribution  along  the  ship.  So  we  cannot 
see  why  we  should  not  also  use  the  first 
order  velocity  potential  on  the  ship  when 
we  calculate  the  added  resistance. 

Reply  to  Dr.  Fujii  et  al 

It  is  interesting  to  see  the  favorable 
comparison  between  the  discussers  experi¬ 
ments  and  our  proposed  formula  for  added 
resistance  on  blunt  ship  forms  in  the  low 
wave  length  case.  However  in  the  case 
of  fine  ship  forms  and  high  Frcude  numbers 
the  agreement  between  experiments  and 
theory  is  not  satisfactory,  gut  we  would 
like  to  stress  that  the  theory  is  not 
supposed  to  be  valid  in  the  high  Froude 
number  case.  In  reality  we  assume  a  low 
speed  solution  of  the  steady  forward  mo¬ 
tion  problem.  Further  there  is  a  possible 
st feet  of  bow  flare  and  sharp  ship  ends 
that  we  have  neglected. 


Reply  to  P-of.  Gerri tsna  et  al 

Ke  thank  the  discussers  for  their 
interesting  cocssent  or.  how  very  sensitive 
the  added  resistance  can  be  on  predicted 
heave  and  pitch  motion.  Ke  therefore  agree 
that  it  would  have  been  interesting  to 
compare  the  predicted  and  measured  motion 
amplitudes  in  the  considered  cases. 


*s2S* 


Reply  to  Dr.  Takagi 

He  think  that  Or .Takagi  has  aisuuder- 
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stood  our  use  of  "far-field"  when  we  derive 
the  formula  for  added  resistance  in  the  low 
wave  length  case.  We  are  using  "far-field" 
as  a  distance  of  many  wave  lengths  from  the 
body.  But  in  our  case  the  wave  length  is 
understood  to  be  very  small  compared  to  the 
draft  of  the  ship.  That  means  that  our 
"far-field"  in  this  case  is  in  the  "near¬ 
field"  in  the  conventional  slender  body 
sense.  We  therefore  do  not  think  that  his 
comments  about  the  use  of  equation  (37)  is 
appropriate . 


Reply  to  Dr.  Murdey 

The  differences  in  RPM  increases 
between  the  Moor-Murdey  results  and  our 
calculations  may  be  reasonable  if  the  pro¬ 
pellers  have  been  well  immersed  during  the 
tests.  In  such  cases  also  the  calculations 
will  give  the  smallest  values  at  the  self 
propulsion  point  of  the  model. 

In  order  to  obtain  full  scale  results 
at  any  sea  condition  with  our  approach  we 
need  information  about  the  immersion  of  the 
propeller  for  a  specific  number  of  speeds 
and  wave  lengths.  This  information  must 
either  be  obtained  from  model  tests  in 
waves  or  from  calculations.  Through  a  com¬ 
parison  between  propulsion  test  results  and 
calculated  performance  of  the  model  we  will 
then  have  the  basis  for  estimation  of  the 
full  scale  performance.  We  doubt  that  our 
approach  even  with  the  most  advanced  re¬ 
finements  will  exclude  model  testing. 

A  reply  to  his  comments  on  the  added 
resistance  for  fine  ship  forms  is  similar 


to  our  reply  to  Dr.Fujii  and  Mr.Takahashi. 


Reply  to  Prof.  Nowacki 

It  has  been  our  attempt  to  explain 
physically  some  of  the  most  important  ef¬ 
fects  upon  propulsive  coefficients  caused 
by  waves  and  wave  induced  motions. 

The  most  important  effect  seems  to 
be  changes  in  mean  wake  and  changes  in  pro¬ 
peller  characteristics.  The  remaining  ef¬ 
fects  seem  to  be  of  minor  importance. 

A  complete  solution  of  the  problem  is 
extremely  complicated  and  would  for  example 
require  a  complete  boundary  layer  calcula¬ 
tion  with  motion  induced  velocities  in¬ 
cluded.  The  change  in  wake  distribution 
due  to  waves  and  wave  induced  motions  will 
mainly  have  an  influence  on  the  relative 
rotative  efficiency  but  we  do  not  think 
that  it  will  significantly  influence  on  the 
effective  mean  wake. 

Due  to  the  motions  of  the  ship  we  get 
an  acceleration  of  the  flow  in  front  of 
the  propeller  and  may  therefore  expect  a 
reduction  in  separation.  It  is  reasonable 
to  assume  that  this  will  have  a  beneficial 
effect  on  the  thrust  deduction  but  we  are 
not  at  the  time  being  able  to  give  a  clear 
answer  to  that  point. 

According  to  our  opinion  the  most 
important  thing  at  the  moment  must  be  to 
concentrate  the  efforts  in  refining  the 
propeller  model  by  taking  cavitation  and 
ventilation  into  consideration. 
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Tiie  Seakeeping  Characteristics  of  a  Small 
Waterplane  Area,  Twin- Hull  (SWATH)  Ship 

James  A,  Fein,  Margaret  D.  Ochi  and  Kathryn  K  McCreight 
David  W.  Taylor  Naval  Ship  Research  a.id  Development  Center 
Bethesda.  Maryland,  U.S  A 


ABSTRACT 

This  paper  addresses  the  motions  of  a  Small 
Waterplane  Area,  Twin-Hull  (5WATH)  ship  in  a  seaway. 
The  current  status  oi  full  scale  trials,  model  experience 
and  prediction  c  ability  is  presented  and  the 
hydrodynamic  factors  contributing  to  the  generally  low 
motions  of  SWATH  ships  are  identified.  Correlation 
between  transfer  functions  from  modified  strip  theory 
predictions  and  full  scale  results  for  SSP  KAIMALINO,  a 
SWATH  ship,  is  given  along  with  response  spectra  from 
full  scale  trials  including  the  effect  of  automatic  motion 
control.  Comparisons  of  model  and  full  scale  motions  in 
Sea  States  4  and  5  are  shown.  Predictions  of  natural 
periods  are  given  as  a  function  of  speed  and  are  compared 
to  trial  results.  The  design  philosophy  for  SWATH  natural 
periods  is  described  and  prediction  of  severest  motions  to 
be  expected  in  an  encountered  seaway  is  made  by  a 
statistical  estimation  technique.  The  overall  good 
motions  and  habitability  characteristics  to  be  expected  of 
the  SWATH  type  of  ship  are  shown  for  a  range  of  speeds 
and  headings  to  the  sea. 


I.  INTRODUCTION 

The  analysis  of  the  seakeeping  performance  of  any 
ship  design  depends  on  good  theoretical  predictions 
validated  by  model  experiments  and  full  scale  trials.  For 
a  new  type  of  ship  the  dependence  on  experimental  data  is 
vital  to  build  confidence  in  the  analytical  tools  end  to 
gain  insight  into  the  hydrodynamic  phenomena  unique  to 
that  ship  type.  In  this  paper  a  full  scale  trial  of  a 
prototype  is  used  to  gain  confidence  in  an  analytical 
method  that  is  then  applied  to  the  design  problems  of 
extreme  value  prediction  and  natural  periods  estimation. 

This  paper  has  two  primary  objectives.  One  is  to 
present  the  seaworthiness  trial  data  on  SSP  KAIMALINO 
to  the  ship  hydrodynamics  community  with  an 
interpretation  of  the  ship's  motion  behavior.  The  other  is 
to  demonstrate  how  trials,  model  experiments  and 
theoretical  predictions  enhance  the  development  of 
seakeeping  design  considerations  for  SWATH  ships. 


2.  THE  SWATH  CONCEPT 

The  SWATH  ship  presents  a  unique  challenge  to  naval 
architects  and  hydrodynamicists,  since  its  seakeeping 
characteristics  can  be  dictated  by  the  designer  to  a  far 
greater  extent  than  for  conventional  monohulls.  SWATH 
ships  can  offer  excellent  motions  and  sustained  speed 
capability  in  a  seaway.  The  SWATH  concept  was  derived 
from  conventional  catamarans  and  ocean  oil-drilling 
platforms.  It  combines  the  speed  and  large  deck  area  of 
the  conventional  catamaran  with  the  seakindliness  and 
platform  stability  of  the  drilling  rig.  A  SWATH  ship 
consists  of  two  streamlined  submerged  hulls  that  are 
torpedo-like  in  shcpe  connected  to  an  above  water 
structural  box  by  one  or  two  thin  struts  on  each  side. 
Propellers  located  behind  each  hull  provide  the  propulsive 
force.  Control  surfaces  on  the  submerged  lower  hull 
enhance  stability  and  can  be  activated  to  control  trim  and 
further  reduce  motions  when  the  ship  is  underway. 

A  typical  SWATH  design  would  have  only  20  percent 
of  the  waterplane  area  of  a  conventional  monohull.  The 
reduced  waterplane  area  and  redistribution  of  buoyant 
volume  into  submerged  hulls  reduce  the  excitation  forces 
of  the  seaway  and  increase  the  natural  periods  of  motion 
of  the  craft.  The  relatively  infrequent  occurrence  of 
storm  waves  with  long  periods  makes  H  possible  for  ships 
with  equally  long  natural  periods  to  avoid  synchronous 
response  in  the  most  commonly  occurring  seaways.  This 
decoupling  of  the  ship  from  wave  excitation  forces  is  the 
fundamental  idea  behind  the  SWATH  concept.  The 
reduced  waterplane  area  also  allows  the  SWATH  ship  to  be 
more  responsive  to  the  forces  generated  by  control 
surfaces  than  a  conventional  ship. 

Other  parameters  which  strongly  influence 
seakeeping  are  longitudinal  metacentrie  height  (GM|_), 
transverse  metacentrie  height  (GMj),  separation  of 
longitudinal  center  of  buoyancy  and  center  of  flotation 
(LCB-LCF),  strut  configuration  and  size,  and  area  and 
position  of  the  control  surfaces.  The  influence  of  these 
parameters  us  reflected  by  the  natural  periods  of  a 
SWATH  ship  will  be  discussed  later. 

The  U.S.  Navy's  development  of  the  SWATH  concept 
began  in  1969  with  the  desigr  of  SSP  KAIMALINO  by  T. 
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G.  Long  of  the  Naval  Ocean  Systems  Center  (NOSC)  in 
California  and  the  MODCAT  program  at  the  David  Taylor 
Naval  Ship  Research  and  Development  Center 
(DTN5RDC).  MODCAT  was  renamed  SWATH  (Small 
Waterplane  Area  Twin  Hull)  in  1972  to  differentiate  the 
concept  from  conventional  catamarans.  Over  the  last  ten 
years  progress  has  been  made  in  the  prediction  of  drag, 
stability,  maneuvering,  motions,  and  loads  for  SWATH  ship 
designs.  A  summary  of  this  work  is  contained  in  Lamb 
and  Fein  (Ref.  I).  In  particular  two-dimensional  strip 
theory  has  been  applied  to  SWATH  ship  motions  prediction 
by  Lee  and  Curphey  (Ref.  2).  A  computer  program 
applying  this  t'  'ry  has  shown  good  correlation  with 
model  tests  for  motions,  wave  excitation  forces  and 
oscillation  coefficients.  The  predictions  can  be  made  for 
regular  or  irregular  waves.  This  technique  is  rather 
timt-consuming  so  simplified  techniques  for  estimating 
the  potential  flow  added  mass  and  damping  for 
two-dimensional  SWATH  sections  have  been  developed  by 
Dalzell  (Ref.  3)  and  Lee  (Ref.  4).  These  programs  can  be 
used  to  screen  a  wide  range  of  potential  designs  in  a  short 
time, 

SSP  KAIMAL1NO  was  the  first  experimental 
prototype  for  SWATH  ships.  The  goal  of  the  U.S.  Navy's 
SWATH  program  is  larger  prototypes  that  can  demonstrate 
the  advantages  of  SWATH  ships  in  relation  to  Naval 
missions.  The  Mitsui  Semi-Submerged  Catamaran  (SSC) 
Mesa-80  (Ref.  5)  is  a  recent  addition  to  the  family  of 
SWATH  prototypes.  Its  attributes  will  greatly  advance  the 
development  of  SWATH  technology. 

3.  SEMI-SUBMERGED  PLATFORM  (SSP)  KAIMALINO 


Table  1  Characteristics  of  the  SSP  KAIMALINO 


Original 

Design 

As  Tested 
1976  and  1979 

Length,  Underwater,  m 

24,8 

24.8 

Length,  Overall,  m 

26.9 

26.9 

Displacement,  MTSW 

192.2 

220.0 

Draft,  m 

4.6 

4.8 

Beam,  Maximum  Submerged,  m 

15,1 

15.1 

KG,  Height  of  Center  of  Gravity 
above  Baseline,  m 

4.7 

4.6 

Diameter  of  Lower  Hulls,  m 

1.98 

1.38 

KB,  Height  of  CB  above  BaseFne 

1.75 

1.65 

GMj_#  m 

4.42 

3.84 

GMt,  m 

2.01 

1.01 

Waterplane  Area,  m2 

23.0 

23.0 

Longitudinal  Distance  CG  Forward 
of  Aft  Perpendicular,  m 

12.9 

13.4 

Longitudinal  Distance  CF  Forward 
of  Aft  Perpendicular,  m 

13.5 

13.5 

Pitch  Radius  of  Gyration,  m 

7.1 

7.0 

Roll  Radius  of  Gyration,  m 

4.8 

5.5 

Aft  Foil,  Projected  Area,  m2 

25.1 

25.1 

Forward  Canards.  Total  Area,  m2 

7.1 

7.1 

3.1  Description 

Serni-Submerged  Platform  (SSP)  KAIMALINO  is  the 
first  SWATH  ship  built  in  the  United  States.  Designed  by 
T.  G.  Lang  (Ref.  6),  it  was  intended  as  a  workboaf  for  the 
Naval  Ocean  Systems  Center  (NOSC)  Hawaii  Laboratory. 
It  has  proven  valuable  both  as  a  workboat  and  as  a 
platform  for  demonstrating  the  seakeeping  advantages  of 
the  SWATH  concept.  Constructed  in  1973  by  the  Curtis 
Bay  Coast  Guard  Shipyard  in  Baltimore,  Maryland,  the 
ship  was  modified  at  Dillingham  Shipyard  in  Hawaii  by  the 
addition  of  displacement  increasing  buoyancy  blisters  in 
1975.  The  current  displacement  is  220  tonnes. 

The  particulars  of  SSP  KAIMALINO  are  presented  in 
Table  I.  Original  design  values  and  values  for  the  most 
recent  seakeeping  trials  are  given.  The  addition  of  the 
blisters  is  responsible  for  most  of  the  changes.  As 
sketched  in  Figure  I,  the  ship  consists  of  two  c. ,  odrical 
lower  hulls  connected  to  the  upper  box  by  two  s*.  Jts  per 
hull.  Buoyancy  blisters  are  located  on  the  inboard  side  of 
each  hull,  extending  with  constant  thickness  from 
approximately  7  to  16  meters  aft  she  nose  and 
terminating  at  21  meters  aft  of  the  nose.  Topered  all 
movable  control  fins  (called  canards)  are  ‘jcated  inboard 
just  aft  of  the  noses.  A  constant  chord  flapped  hydrofoil 
spans  the  space  between  the  hulls  aft  of  amidships. 
Rudders  are  mounted  in  the  propeller  slipstream  behind 
each  hull.  The  forward  struts  increase  in  chord  and 
thickness  from  a  point  just  below  the  waterline  to  the 
connection  to  the  box,  the  aft  struts  also  increase  in 
thickness  as  the  box  is  approached.  Both  starboard  struts 
are  outfitted  with  spray  rails  above  the  waterline  that 
help  in  deflecting  sheets  of  water  that  might  climb  the 
struts  in  waves.  The  above  water  box  is  flat  bottomed 
except  for  slanted,  shaped  sections  on  the  forward  end. 
These  sections  tend  to  cushion  slams  in  head  seas* 

SSP  KAIMALINO  has  naturally  good  motion 
charactaristics  in  many  sea  conditions.  An  automatic 


Fig,  1  Sketch  of  SSP  KAIMALINO  Showing 
Instrument  Locations 


motion  control  system  designed  to  reduce  motions  in  all 
sea  conditions  was  designed  and  documented  by  Higdon 
(Ref.  7).  The  system  uses  the  forward  canards  and  the 
stern  foil  flaps  to  minimize  pitch  and  roll  motions.  Heave 
is  not  minimized  but  it  can  be  controlled  so  as  to 
minimize  relative  motion  with  respect  to  the  wave  in 
order  to  reduce  water  contacts  in  low  encounter 
frequency  situations  such  as  following  seas.  This  control 
mode  relies  on  pressure  (height)  sensors  located  in  the 
underwater  hulls  in  conjunction  with  minimized  inertial 
pitch  and  roil.  Heading  control  is  maintained  by  the 
rudders  keyed  to  a  yaw  rote  gyroscope.  The  ship  has  153 
kilowatts  (200  horsepower)  available  for  fin  and  rudder 
actuation,  which  scales  up  to  values  that  ere  unacceptable 
for  larger  SWATH  designs.  However,  more  efficient 
actuators  could  provide  acceptable  control  deflection 
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rates  for  less  power  on  laraer  ships  as  shown  by  Higdon 
(Ref.  8). 

SSP  KAIMALINO  is  outfitted  with  two  1660  kilowatt 
(2230  horsepower)  aircraft  type  gas  turbine  engines  in  the 
upper  box  that  drive  controllable  pitch  propellers  through 
a  chain  drive  system.  SSP  KAIMALINO  reached  25  knots 
in  1974  before  the  blisters  were  added.  Current  torque 
limitations  on  drive  train  components  reduce  the  top 
speed  to  about  18  knots. 

SSP  KAIMALINO  does  not  represent  current  design 
philosophy  for  SWATH  ships;  for  example,  the  full  span 
stern  foil  is  larger  than  either  stability  or  control 
requires.  The  small  overall  size  of  SSP  KAIMALINO 
makes  her  motion  in  high  sea  states  worse  than  larger 
SWATH  ships.  In  addition,  her  wcterplane  area  and 
metacentric  heights  result  in  natural  motion  periods  at 
low  speeds  that  are  not  optimum  for  larger  SWATH  ship 
designs.  These  differences  are  discussed  in  detail  in  Lamb 
and  Fein  (Ref.  I)  within  the  context  of  current  SWATH 
design  practice.  Nevertheless  SSP  KAIMALINO  does 
demonstrate  the  advantages  of  the  SWATH  concept.  It 
also  provides  a  means  for  relating  full  scale  performance 
to  theoretical  and  experimental  model  work,  thus 
verifying  the  design  tools  that  apply  to  any  SWATH  ship. 

3.2  Model  Experiments 

Model  experiments  were  conducted  at  DTNSRDC  on 
a  1/7.8  scale  model  of  SSP  KAIMALINO  in  1971  as  the 
design  was  being  finalized.  The  objective  of  the 
experiments  was  to  evaluate  the  design  and  identify 
problem  areas.  The  3.35  meter  (I  I  foot)  long  model  built 
at  DTNSRDC  was  outfitted  for  drag,  propulsion,  stability, 
seakeeping,  and  structural  measurements.  Experiments 
were  conducted  on  Carriage  2  (DTNSRDC's  Deep  Water 
Straightline  Basin)  and  in  the  seakeeping  tank  of  the 
Maneuvering  and  Seakeeping  Facility  (MASK).  For  the 
seakeeping  experiments  the  model  was  self-propelled  and 
tethered  by  power  cables  and  safety  lines  to  the  towing 
carriage.  Pitch  and  roll  angles  were  measured  by 
gyroscopes.  Relative  bow  motion  was  obtained  from  an 
ultrasonic  transducer  mounted  on  the  bow.  An 
accelerometer  placed  at  the  forwardmost  point  of  the 
model  measured  bow  vertical  acceleration.  Heading  was 
maintained  by  servo-controlled  rudders  that  reacted  to 
sway  and  yaw  rate  feedback.  Powering  was  contrn'l'cd 
from  the  carriage  and  varied  to  keep  slack  in  the  cables 
and  safety  lines  regardless  of  the  wave  induced  sur  ;o. 
The  aft  foil  and  canards  were  fixed  at  angles  required  to 
give  level  trim  end  design  sinkage  in  calm  water  at  the 
speed  under  study.  The  irregular  waves  were  provided  by 
pneumatic  wavemakers  driven  by  magnetic  tape.  The 
waves  approximated  Pierson-Moskowitz  sea  spectra  for 
Sea  States  4  and  5.  All  headings  were  investigated  over  o 
range  of  speeds  from  4.2  to  2 1  knots  full  scale.  The  bow 
acceleration  was  highest  in  head  seas  while  pitch  motion 
was  largest  in  following  seas.  No  significant  slamming 
was  noted  at  any  heading.  These  early  results  did  not  give 
a  complete  picture  of  seakeeping  of  SSP  KAIMALINO  but 
they  did  show  that  there  were  no  major  problems.  Large 
motions  in  stern  quartering  and  following  seas  were  of 
some  concern  though  they  were  associated  with  long 
periods.  The  conclusions  of  these  experiments  were 
generally  verified  by  subsequent  full  scale  trials. 

A  second  series  of  model  experiments  was  conducted 
in  1973  as  construction  of  the  ship  was  ending.  The 
objective  was  to  investigate  synchronous  conditions  where 
the  encounter  period  in  waves  corresponded  to  t!se  ship's 
natural  periods.  A  1.5  meter  long  radio-controlled  model 
designed  by  NOSC  was  utilized.  This  mode!  allowed  for 
more  time  at  speed  in  the  MASK  facility  and  could  be  run 


without  power  from  the  towing  carriage.  The  model  was 
instrumented  to  measure  impact  pressures,  pitch,  roll, 
relative  bow  motion,  and  bow  vertical  acceleration.  The 
experiments  consisted  of  the  determination  of  calm  water 
natural  periods  at  zero  speed,  evaluation  of  regular  wave 
responses  and  investigations  in  a  seaway  representing  a 
fail  scale  modal  period  of  9.5  seconds  and  significant 
wave  height  of  4  meters. 

The  natural  periods  at  zero  speed  were  8.49  seconds 
for  pitch,  8.06  seconds  for  heave  and  15.7  seconds  for  roll 
in  full  scale  terms.  The  regular  wave  work  emphasized 
encounter  frequencies  that  might  excite  synchronous 
motions.  Largest  motions  we  re  found  in  following  seas 
when  ship  speed  was  close  to  the  wave  speed.  In  that  case 
a  large  bow  down  stalic  trim  occurred  due  to  the  action 
of  the  wave  on  the  full  span  aft  foil.  This  condition, 
which  could  lead  to  the  upper  structure  bow  being  buried 
in  the  wave  end  the  propeller  broaching,  was  luter 
observed  in  full  scale  trials. 

In  the  Irregular  wave  experiments  significant 
slamming  was  experienced  in  head  Sea  State  6  at  speeds 
above  10  knots  full  scale.  It  should  be  noted  that  all  these 
model  experiments  were  conducted  with  controls  fixed. 
Severe  motions  and  impacts  at  speed  could  be  expected  to 
be  alleviated  by  the  use  of  automatic  control. 

3.3  Full  Scole  Trials 

SSP  KAIMALiNO  has  undergone  extensive  trials 
beginning  in  1974.  The  first  series  of  trials  was  conducted 
(as  were  the  model  experiments)  on  the  original 
configuration.  These  were  completed  in  1975  and 
included  investigations  of  powering,  structural  loads, 
control  response,  maneuvering,  and  seakeeping.  The  trial 
conditions  were  later  repeated  after  SSP  KAIMALINO  was 
outfitted  with  buoyancy  blisters.  In  addition,  control 
system  evaluation  trials,  helicopter  landing  trials,  and 
comparison  trials  with  two  Coast  Guard  ships  have  been 
conducted.  The  powering  results  ore  documented  by 
b tensor.  (Ref.  9)  and  Woo  and  Mauck  (Ref.  10).  The 
maneuvering  Jesuits  are  summarized  in  Lamb  and  Fein 
(Ref.  I).  Figure  7.  is  o  photograph  of  SSP  KAIMALINO 
undergoing  trials. 


Fig.  2  SSP  KAIMALINO  Undergoing  Trials 


The  first  series  of  seakeeping  trials  in  1975  was 
conducted  in  the  Kaiwi  Channel  between  the  islands  of 
Oohu  and  Molokai  (See  Figure  3).  Measurements  were 
made  of  the  ship's  rigid  body  motions  (pitch,  roll,  relative 
bow  motion),  accelerations  (surge,  sway,  heave,  bow 
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vertical  and  port  vertical),  rates  (yaw,  pitch,  and  roll), 
and  impact  pressures  at  20  locations,  the  seaway  was 
measured  by  a  free  floating  buoy  that  was  deployed  by  the 
chase  boat.  The  buoy  contained  a  double  integrating 
accelerometer  and  telemetered  the  wave  height  signal 
back  to  the  ship.  The  buoy  tended  to  drift  and  at  times 
was  far  enough  from  the  operating  area  to  make  the 
relevancy  of  some  of  the  wave  measurements 
questionable.  Significant  wave  height  was  about  !  .75 
meters. 

160°W  i^W  Predominant 

North  Wave  Direction 
t  (AH  Trials) 


Trials  Sites  4r 

1  1975  Trial 

2  1976  Trial 

3  First  3  Days  —  1979  Trial 

4  Last  Day  —  1979  Trial 


\Oahw\^ 


1C?7~ — 

/  m5^2,0-n 


Fig.  3  Hawaiian  Islands  Trials  Locations 

Trials  were  conducted  at  nominal  speeds  of  16.5,  12.5 
and  9.5  knots.  Averoge  speeds,  significant  wave  heights, 
and  trial  conditions  are  listed  in  Table  2.  The  control 
system  was  not  employed  for  these  trials  so  canards  and 
the  stern  foil  were  fixed  at  deflections  designated  for 
mean  trim  at  the  given  speed.  The  trials  procedure 
consisted  of  adjusting  the  ship  to  level  trim  at  zero  speed 
and  recording  displacement.  Before  each  run  the  ship  was 
set  on  course  at  the  desired  heading  to  the  waves  as 
determined  by  a  deck  observer.  As  with  any  full  scale 
trial,  there  was  some  doubt  about  the  directionality  of  the 
seaway  although  the  direction  of  primary  energy  was 
carefully  observed.  At  least  30  minutes  of  data  were 
taken  for  each  trial  condition.  No  changes  in  propulsion 
or  control  deflection  were  permitted  during  the  data 
collection  period.  Few  impacts  were  noted.  The  only 
case  where  deck  wetness  occurred  was  in  following  seas 
when  the  wave  speed  approached  the  ship  speed  and  a 
large  amplitude  but  gentle  bow  "plow-in"  occurred. 
Propeller  broaching  occurred  in  similar  conditions  in 
quartering  seas.  As  reported  by  Kallio  (Ref.  II),  the  data 
were  inadequate  for  power  spectral  analysis;  however, 
significant  values  of  the  motions  and  accelerations  were 
obtained  at  all  headings. 

In  November  of  1 976  low  speed  trials  were  conducted 
by  DTNSRDC  on  SSP  KA1MALINO  to  obtain  bending 
moments  in  beam  seas,  in  conjunction  with  that  effort, 
the  motions,  bow  vertical  acceleration,  and  seaway  were 
measured  at  all  headings  at  the  nominal  speed  of  5  knots. 
These  results  prov!ded  information  about  5SP 
KA1MAL1N0  motions  in  a  high  Sea  State  5  at  low  speed. 
The  ship  had  been  modified  prior  to  these  experiments  by 
the  addition  of  buoyancy  blisters  on  the  inboard  lower 
hulls.  The  ship  was  operating  on  only  one  propeller  during 
these  trials.  Pitch  and  roll  were  measured  at  the  stable 
table  (located  about  6  meters  forward  of  the  CG  on  the 
centerline)  while  bow  motion  was  determined  from  an 
ultrasonic  height  sensor  located  1.0  meter  forward  of  the 
bow  on  the  ship  centerline.  Bow  vertical  acceleration  was 
measured  as  in  the  earlier  trials  in  the  pilot  house.  Wave 
spectra  were  again  obtained  from  a  free  floating  buoy  and 
in  these  trials  the  buoy  was  deployed  from  the  ship  and 
was  very  near  the  trial  location  near  Oahu  Island. 


Table  2  Seakeeping  Trial  Conditions 


Title 

Date  Location 

Sea 

State 

Significant 
Wave  Ht 
m 

Number  of 
Conditions 

Speeds 

kt. 

Control 

Evaluated 

Seakecpmg 

Evaluation 

7/28/75  KAIWI 
STRAIT 

4 

1.8 

6 

9,8.12.8 

No 

7/31/75  KAIWI 
STRAIT 

4 

1.7 

10 

9.8,17 

No 

Structural 

Evaluation 

11/26/78  North-East 
of  Oahu 

s 

36 

6 

5 

No 

Control 

Evaluation 

1/21/79  South-East 
of  Kauai 

5 

2.9 

10 

15.6 

Yes 

1/23/79  South  East 
of  Kauai 

4 

25 

4 

0,10 

Yes 

1/25/79  South  East 
of  Kauai 

4 

2.0 

18 

3.5.10,15  5 

Yes 

1/31/79  North-East 
of  Oahu 

5 

32 

19 

7,10.15.5 

Yes* 

*  One  bftste 1  rmSMQ.  <UU  nor  reporter  herein. 


Significant  wave  height  is  given  in  Table  2.  The  trials 
were  conducted  without  the  use  of  the  control  system,  as 
the  speed  was  too  low  for  sufficient  control 
effectiveness.  Spectra  from  these  trials  will  be  discussed 
in  Section  5. 

The  most  recent  seakeepirg  trials  were  conducted  in 
January  of  1979  in  order  to  extend  the  range  of 
seakeeping  results,  to  obtain  data  that  could  be  used  to 
generate  transfer  functions,  and  to  quantify  the  effect  of 
automatic  control  on  the  motions  of  SSP  KAIMALINO. 
These  trials  were  conducted  off  Kauai  and  Oahu  as  noted 
in  Figure  3.  Measurements  were  made  of  rigid  body 
motions,  accelerations  and  the  seaway.  Impact  pressures 
and  strains  were  recorded  but  not  analyzed  since  there 
were  few  impacts.  The  transducer  locations  in  this  trial 
are  shown  in  Figure  I.  Waves  were  again  measured  by  a 
free  floating  buoy  in  close  proximity  to  the  trial  area. 
When  not  in  the  water  the  buoy  was  attached  to  the  deck 
and  thereby  provided  a  vertical  displacement 
measurement  nea:  the  longitudinal  center  of  gravity  (CG) 
that  was  almost  equivalent  to  heave. 

In  preparation  for  each  particular  run,  the  ship  was 
steadied  on  course  at  approximately  the  desired  gjeed. 
The  speed  varied  slightly  due  to  wind  and  wave 
conditions.  The  ship  course  was  set  to  maintain  a  heading 
which  was  constant  relative  to  the  predominant  seaway  as 
determined  by  observations.  Once  the  heading  and  speed 
were  set,  manual  control  settings  were  made  or  the 
control  system  was  turned  on,  and  then  the  data 
collection  portion  of  a  run  began.  Collection  time  was 
governed  by  the  need  for  sufficient  encounters  at  the 
given  speed  and  heading  and  varied  from  20  to  50 
minutes.  No  changes  in  manual  control  surface  deflection 
or  propulsion  settings  were  made  during  the  runs.  Results 
from  these  trials  will  be  discussed  in  forthcoming  sections. 

In  addition,  SSP  KAIMALINO  participated  in  a  three 
ship  comparative  trial  that  was  conducted  in  May  of 
1978.  It  is  documented  by  Woolcver  and  Peters  (Ref.  12), 
SSP  KAIMALINO  was  run  alongside  a  100  tonne  patrol 
craft  30  meters  long,  and  a  3000  tonne  Coast  Guard 
Cutter,  The  trials  were  conducted  in  Sea  State  3. 
Emphasis  was  on  human  factors  and  comparative 
relationships  rather  than  on  absolute  data.  The  results 
demonstrate  that  SSP  KAIMALINO  has  superior  motions 
to  a  ship  of  10  times  greater  displacement  in  the  same 
Sea  State  3. 
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4,  MOTIONS  RESULTS  FOR  SSP  KAIMALINO 

The  results  of  seokeeping  experiments  ore 
describable  in  several  ways.  One  is  in  the  form  of  the 
ratio  of  significant  responses  to  significant  wave  height. 
A  significant  value  is  the  average  of  the  one-third  highest 
values  and  may  be  obtained  from  a  time  history  of  the 
motions  or  wave  excursions.  Another  method  of  analysis 
is  the  power  spectral  density  distribution  which  relates 
the  energy  of  the  motion  or  wave  to  the  frequency.  SSP 
KAIMALINO  full  scale  trials  spectral  data  are  presented 
in  the  next  section.  A  third  method  of  analysis  used  in 
Section  6.3  involves  the  transfer  functions.  The  transfer 
functions  provide  the  unit  response  of  a  motion  to  a  unit 
wave  height  throughout  the  frequency  range. 

The  ratios  of  significant  responses  to  significant 
wave  height  are  presented  in  Figures  4  to  13  for  the 
model  and  full  scale  ship.  The  data  were  obtained  in  Sea 
States  4  and  5.  The  wave  spectra  for  the  model 
experiments  were  different  from  those  in  the  full  scale 
trials.  The  effect  of  control  at  high  speed  is  also  included 
for  pitch  and  roll  in  Figures  10  through  13. 

Figures  4  through  7  show  the  effect  of  speed  on  free 
body  motions  without  any  form  of  control  in  head  seas. 
The  results  show  linearity  throughout  the  wave  height 
range  examined.  Correlation  between  model  and  full 
scale  is  good  for  pitch  throughout  the  speed  range.  The 
model  results  were  obtained  from  the  1971  and  1973 
experiments.  From  a  maximum  at  zero  speed,  pitch 
decreases  to  a  minimum  at  10  knots,  then  peaks  at  about 
14  knots.  Between  10  and  14  knots  the  wave  drag  hump 
occurs.  At  10  knots  the  ship  is  "climbing"  its 
self-generated  bow  wave  and  thus  it  is  heavily  damped  in 
pitch.  At  14  knots  the  ship-generated  wave  is  behind  the 
ship  and  may  act  in  a  destabilizing  manner.  Trial 
conditions  after  the  addition  of  the  buoyancy  blisters  are 
indicated  by  solid  points.  The  data  with  buoyancy  blisters 
show  good  agreement  with  the  earlier  data  which 
indicates  that  the  blisters,  which  are  centered  at  the 
longitudinal  CG,  have  little  effect  on  pitch  motion. 

Figure  5  presents  roll  in  head  seas.  The  model 
experiments  which  were  conducted  in  a  unidirectional 
head  sea  show  minimal  roll  motion  while  the  full  scale 
trial  results  show  significant  roll.  This  may  be  attributed 
to  the  fact  that  wave  components  are  present  in  the  real 
environment  from  other  than  the  direction  of  the 
predominant  energy.  The  vertical  acceleration  in  Figure 
6  remains  relatively  constant  with  speed,  slightly 
increasing  at  the  higher  speeds.  The  ratio  of  significant 
relative  bow  motion  to  significant  wave  height  in  Figure  7 
shows  almost  no  speed  effect.  Except  for  a  single  point 
near  16  knots,  the  model  data  agree  quite  well  with  the 
full  scale  results. 

Figures  0  and  9  show  speed  dependence  of  the  pitch 
and  roll  motiu-s  in  beam  seas.  Pitch  in  beam  seas  at 
speeds  below  5  *.’.nt$  is  slightly  higher  for  the  full  scale 
trials  than  for  the  model  results.  The  difference  is 
probably  due  to  uncertainties  in  heading  end  wave 
direction,  but  even  so  the  model  data  do  show  the 
presence  of  pitch  in  beam  seas.  The  pitch  is  probably  due 
to  the  fore  and  aft  asymmetry  of  the  ship.  The  large  aft 
foil  excites  pitch  as  the  ship  responds  to  the  beam  waves, 
and  since  there  is  re  area  forward  to  cancel  this  effect  a 
net  pitch  motion  ensues.  The  model  roll  motions  agree 
quite  well  with  the  full  scale  over  the  speed  range  in 
Figure  9.  Again  the  blisters  seem  to  have  little  effect  on 
significant  roll.  The  peak  in  pitch  and  roll  at  about  14 
knots  is  again  present  in  beam  seas.  Roll  follows  the 
same  trend  with  speed  as  pitch,  decreasing  to  about  10 
knots  and  then  showing  an  increase  in  the  wave  drag  hump 
regime. 
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Fig.  4  Pitch  Motion  for  SSP  KAIMALINO  in  Head 
Seas 
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Fig.  5  Roll  Motion  for  SSP  KAIMALINO  in  Head  Seas 
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Fig.  6  Vertical  Acceleration  for  SSP  KAIMALINO  in 
Head  Seas 
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Fig.  7  Relative  Bow  Motion  for  SSP  KAIMALINO  in 
Head  Seas 
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Fig.  8  Pitch  Motion  for  SSP  KAIMAUNO  in  Beam 
Seas 
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Fig.  9  Roll  Motion  for  SSP  KAIMAUNO  in  Beam  Seas 


Fig.  10  Pitch  Motion  for  SSP  KAIMAUNO  at  13  Knots 


The  effects  of  automatic  motion  control  are  clearly 
demonstrated  in  Figures  10  through  13  where  the  data  is 
plotted  as  a  function  of  heading.  The  full  scale  data  were 
obtained  during  the  control  system  evaluation  trials  of 
1979.  The  model  data  in  Figures  10  and  II  are  from 
experiments  in  Sea  States  S  and  6  (without  blisters). 
There  are  no  model  data  with  active  control.  Agreement 
between  model  and  full  scale  pitch  motion  is  excellent  at 
all  headings  for  10  knots.  Roll  magnitude  is  low  for  the 
models  in  head  and  following  seas  because  of  the  purely 
unidirectional  environment  in  the  towing  tank  but  agrees 
with  trials  quite  well  at  the  other  headings.  The  effect  of 
motion  control  at  10  knots  is  significant.  Maximum  pitch 
motion  which  occurs  in  quartering  seos  is  reduced  to 
about  one-third  its  uncontrolled  value.  Roll  is  reduced  by 
approximately  one-half  at  all  headings.  The  control 
evaluation  trials  results  show  a  large  reduction  in 
significant  values  of  motions  at  10  and  15.5  knots  and 
some  reduction  at  7  knots.  At  'ower  speeds  the  control 
surface  effectiveness  is  not  sufficient  to  affect  the 
motions. 
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Fig.  11  Roll  Motion  for  SSP  KAIMAUNO  at  10  Knots 
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Fig.  12  Pitch  Motion  for  SSP  KAIMAUNO  at  IBS 
Knots 
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Fig.  13  Roll  Motion  for  SSP  KAIMALINO  at  15.5  Knots 

At  15.5  knots  (Figures  12  ond  13)  roll  end  pitch  are 
both  maximum  in  following  seas.  The  control  system 
reduces  significant  roll  motion  by  90  percent  at  this  speed 
in  following  seas  ana  by  about  70  percent  at  other 
headings.  Pitch  is  reduced  by  over  50  percent  at  all 
headings.  These  significant  values  demonstrate  the 
effectiveness  of  motion  control.  Significant  values  are 
important  in  establishing  seakeeping  criteria  for  designs 
since  motion  limits  for  weapon  systems  or  aircraft 
operations  are  generally  expressed  in  terms  of  significant 
responses. 

5.  DISCUSSION  OF  FULL  SCALE  TRIAL  SPECTRA 

Power  spectral  densities  as  functions  of  encounter 
frequency  were  obtained  by  Fourier  analysis  of  the 
motions  data  and  are  presented  for  three  speeds  in 
Figures  14,  IS  and  16.  The  response  spectra  in 
combination  with  the  wave  spectra  of  encounter  provide  a 
good  insight  into  the  sources  of  the  motions.  The  5  knot 
speed  data  were  obtained  in  1976  ond  the  10  end  15.5  knot 
speeds  are  from  the  control  evaluation  trials  of  1979.  For 
the  two  higher  speeds,  spectra  with  and  without 
automatic  motion  control  are  given.  Relative  bow  motion 
(RBM)  was  measured  in  1976  but  not  in  1979.  Vertical 
motion  near  the  CG  was  obtained  for  most  conditions  in 
1979  and  is  presented  in  place  of  RBM  for  the  higher 
speeds.  Wave  spectra  are  presented  in  Figures  17,  18  and 
19  far  each  trial  day  for  which  motion  spectra  were 
obtained.  The  modal  period  of  the  wave  spectra  is 
indicated  on  each  motion  spectrum  by  the  symbol  T0  to 
show  the  location  of  the  maximum  wave  energy  in  the 
encounter  frequency  domain. 

The  results  for  a  5  knot  speed  from  the  1976  trials  in 
o  high  Sea  State  5  appear  in  Figure  14.  For  eoch  heoding 
RBM,  pitch  end  roll  are  presented.  The  RBM  depends  on 
pitch,  heave  and  the  encountered  wave  at  the  bow.  At 
high  frequencies  end  low  speed  SSP  KAIMALINO  tends  to 
platform  fhe  waves.  That  is,  the  ship  tends  not  to 
experience  mot i or  as  if  encounters  the  waves.  Since  the 
RBM  spectrum  reaches  o  maximum  in  the  high  frequency 
region  where  pitch  and  roll  ore  small,  this  indicates  that 
the  relative  motion  may  be  due  primarily  to  heave  <nd  the 


motion  of  the  shorter  waves.  At  lower  frequencies 
contouring  occurs  os  the  ship  follows  the  wave.  This  leads 
to  lower  RBM  energy  at  those  frequencies  even  though 
significant  pitch  ond  roll  energy  may  be  present.  In  all 
cases  the  RBM  peak  energy  occurs  at  frequencies  higher 
than  the  wove  modal  frequency  (indicated  by  Tc  an  the 
figures).  The  RBM  is  largest  in  head  and  bow  seas  and 
shows  double  or  secondary  peaks  at  these  headings. 

The  pitch  spectra  at  5  knots  are  oil  single  peaked  and 
the  peaks  tend  to  occur  at  ue  =  0.65  rad/sec,  which  is 
close  to  the  estimated  natural  frequency  in  pitch  ot  this 
speed.  For  head  ond  bow  sees  the  peak  corresponds  to  the 
peak  of  the  encountered  wave  spectra  indicating 
considerable  excitation  near  the  natural  frequency  for 
these  headings.  Pitch  response  is  minimum  in  beam  seas 
as  expected. 

The  roll  spectra  ore  not  as  uniform  as  the  pitch 
spectra  and  tend  to  be  somewhat  broader.  The  primary 
peak  in  the  roll  response  occurs  at  the  peak  in  the  wave 
spectra  at  all  heodings  with  the  exception  of  head  seas.  A 
secondary  peak  is  evident  ot  0.8  rad/sec  in  quartering 
seas.  The  head  sea  roll  spectrum  is  flat  with  small  peaks 
above  ond  below  the  wave  modal  frequency. 

The  spectra  for  10  knots  are  contained  in  Figure  15. 
The  spectra  are  presented  for  vertical  inotion  near  the 
CG,  pitch,  and  r*.  II.  The  data  were  obtained  during  the 
control  evaluation  trials  on  January  25,  1979,  in  a  Sea 
Stale  4.  The  results  ore  presented  with  and  without 
utilization  of  automatic  control.  The  controlled  cases  ore 
indicated  by  the  dashed  lines.  The  control  system  on  SSP 
KAIMALINO  is  intended  to  minimize  pitch  and  roll  but 
not  vertical  motion.  The  vertical  motion  component  due 
to  pitch  and/or  roll  is  reduced  in  some  cases,  but  heave  is 
small  in  all  conditions,  even  without  control.  Ttv  vertical 
motion  peak  corresponds  to  the  weve  modal  period  in  all 
cases  except  head  seas.  A  secondary  peak  at  lower 
frequency  in  head  and  bow  seas  corresponds  to  a  peak  in 
the  roll  spectrum. 

The  pitch  spectra  at  10  knots  show  maximum  energy 
in  quartering  seas.  Wave  modal  periods  correspond  to 
pitch  energy  peaks  in  beam,  quartering  and  following 
seas.  In  head  seas  the  pitch  response  is  very  flat,  with  a 
smoli  response  over  a  wide  range  of  frequencies.  In  bow 
seas  there  is  a  secondary  peak  at  the  modal  frequency  of 
the  waves  at  about  0.85  rad/sec  while  the  primory  peak  is 
at  0.72  rod/sec.  In  all  conditions  the  control  system 
greatly  decreases  the  pitch  response.  For  example,  in 
following  seas  the  controls  are  least  effective  but  still 
reduce  the  peak  value  by  over  50  percent.  At  low 
frequencies  in  quartering  and  following  seas  the 
controlled  response  exceeds  the  uncontrolled  response. 
These  long  period  motions  are  attributable  to  the  control 
system's  feedback  loop  response. 

The  roll  spectre  ot  10  knots  for  SSP  KAIMALINO 
show  maximum  response  in  beam  seas  with  almost  as 
great  a  response  in  quartering  ond  bow  seas.  Control  is 
effective  in  reducing  roll  motions  in  all  sea  headings.  In 
all  cases  the  main  roll  peak  is  associated  with  the  wave 
modal  period  ond  there  is  a  secondary  peak  at  a  lower 
frequency  that  can  be  attributed  to  the  natural  period  in 
roll.  The  low  frequency  peak  is  in  the  frequency  range 
where  measurements  are  doubtful  which  leads  to 
difficulties  in  fixing  its  magnitude.  A  third  peak  at  a 
higher  frequency  than  the  wave  peak  is  noted  for  bow  and 
quartering  seas.  This  is  ekie  to  a  significant  component  of 
wave  energy  at  those  frequencies  of  encounter. 

It  is  also  of  interest  to  point  out  that  in  beam  seas  ot 
10  knots  the  wave  modal  period  was  approximately  the 
some  as  the  natural  periods  of  heave  erst  pitch,  causing 
substantial  response  in  these  modes.  The  natural  period  in 
roll  of  fhe  ship  at  this  speed  is  about  21  seconds  or 
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approximately  twice  its  pitch  period.  Although  little 
wave  energy  exists  at  the  roll  natural  frequency,  some 
small  roll  motion  does  appear.  However  the  prime 
response  in  roll  occurs  within  the  same  frequency  regime 
as  pitch  which  has  large  excitation  at  its  natural 
frequency.  This  behavior  is  exhibited  in  bow  and 
quartering  seas  as  well.  Thus,  at  least  for  this  speed, 
there  appears  to  be  significant  coupling  between  the  three 
modes  (pitch,  heave  arid  roll)  of  motion. 

The  response  spectra  at  15.5  knots  obtained  in  a  Sea 
State  5  (on  January  21,  1979)  during  the  control 
evaluation  trial  ore  given  in  Figure  16.  Response  of 
vertical  motion  near  the  CG,  pitch  and  roll  are  included, 
though  vertical  motion  was  not  available  for  the  head  and 
following  sea  cases.  Among  the  cases  available,  vertical 
motion  response  is  greatest  in  quartering  seas.  Control  of 
pitch  and  roll  has  little  effect  on  the  vertical  motion 
except  in  quartering  seas.  In  oil  cases  the  primary  peaks 
for  vertical  motion  correspond  to  the  frequency  of 
maximum  wave  energy.  A  secondary  peak  in  quartering 
seas  at  c»e  =  0.72  rad/sec  may  result  from  the  fact  that 
there  is  significant  wave  energy  near  the  heave  and  pitch 
natural  periods. 

Pitch  response  is  more  than  an  order  of  magnitude 
larger  in  following  end  quartering  seas  that  in  head,  bow 
or  beam  seas.  Pitch  response  is  primarily  wave  induced  in 
beam,  quarterirg  and  following  seas,  and  in  following  seas 
the  encountered  wave  spectrum  has  considerable  energy 
near  the  natural  pitch  period  at  the  15.5  knot  speed.  The 
large  responses  in  quartering  and  following  seas  occur  at 
low  frequencies  where  the  waves  travel  at  speeds  close  to 
the  ship  speed.  The  targe  stem  control  foil  in  the  S$P  can 
induce  large  motions  under  such  conditions.  In  bow  seas 
pitch  response  is  flat  over  a  broad  range  with  the  most 
energy  at  ue  =  0.4  rad/sec.  The  head  sea  pitch  response 
spectrum  Is  distinctive  in  that  there  is  little  response  at 
the  wave  modal  period  but  instead  peak  values  of  response 
occur  at  encounter  frequencies  of  0.4  and  1.8  rad/sec. 
The  high  frequency  peak  is  in  a  region  where  there  fa 
little  pitch  response  for  any  other  heading.  Active 
control  siyiificantly  decreases  the  pitch  response  for  ell 
headings. 

Roll  spectra  at  I5.S  knots  exhibit  wave  modal  period 
induced  rolling  for  all  sea  headings.  Also  there  is  a 
secondary  peak  in  head,  bow  and  bean  seas  at  a  lower 
frequency  of  encounter  which  fa  approximately  0.35 
rad/sec,  close  to  the  estimated  roll  natural  frequency.  In 
following  seas  this  same  frequency  fa  close  to  the  modal 
period  of  the  encountered  waves,  resulting  in  an  amount 
of  roll  response  greater  than  the  roll  response  in  beam 
seas  and  only  slightly  less  than  the  roll  in  quartering  seas. 
Control  of  roll  motion  fa  very  effective  at  all  headings  as 
controlled  response  are  almost  insignificant  compared  to 
the  uncontrolled  cases.  In  particular,  the  severe  rolling  in 
following  seas  is  virtually  eliminated  by  the  control 
system. 


Figures  17,  18  and  19  give  the  wave  spectra  in  the 
wave  frequency  domain  for  each  of  the  three  days  on 
which  the  data  in  the  response  spectra  were  obtained. 
There  is  very  little  wave  energy  below  cj^  =  0.3  rod/sec 
which  couses  difficulties  in  defining  low  frequency  effects 
in  the  motion  spectra.  Each  wave  spectrum  is  single 
peaked  though  there  ore  some  indications  of  secondary 
humps.  The  significant  wave  heights  for  these  spectra  are 
given  in  Table  2. 

Overall,  the  srakeeping  trials  of  SSP  KAiMALiNO 
demonstrated  that  the  ship  could  operate  over  its  full 
speed  range  in  wave  conditions  up  to  a  high  Sea  State  5. 
Excessive  slamming  was  not  encountered  at  any  heating 
either  with  or  without  automatic  motion  control. 
Slamming  at  15.5  knots  in  a  heed  Sea  State  S  was  virtually 
eliminated  by  trimming  the  ship  bow  up  two  degrees.  The 
ship's  tendency  to  heave  (following  the  waves)  helped  in 
moderating  the  impacts.  At  no  time  did  the  ship  slow 
down  due  to  sea  conditions  even  though  the  averoge 
magnitude  of  the  one-tenth  highest  waves  (double 
amplitude)  was  more  than  twice  the  clearance  height  of 
1.8  meters.  During  the  Sea  State  5  trials  on  January  21, 
1 979,  the  average  of  the  one-tenth  highest  waves  was  3.65 
meters  which  is  15  percent  of  ti*  length  of  the  ship.  On 
that  day  SSP  KAIMALINO  operated  for  over  10  hours  at 
speeds  around  15.5  knots  at  a  variety  of  headings  with  no 
degradation  of  crew  or  ship  performance. 

6.  COMPARISON  WITH  THEORETICAL  MOTION 

PREDICTION 

6.1  SWATH  Ship  Prediction  Methodology 

Confidence  in  the  ability  of  theory  to  predict  trends 
end  generc!  magnitudes  of  motion  is  particularly 
irrp  orient  for  the  SWATH  ship  designer  since  the  SWATH 
concept  locks  the  extensive  experience  in  design  available 
to  the  manohyil  designer.  White  model  experiments  ere 
required  before  a  design  is  finalized,  theoretical 
predictions  must  be  used  to  anolyze  the  motion  of 
potential  configurations  at  an  early  stage  of  design. 

The  development  of  the  theory  used  at  DTNSRDC  to 
describe  the  motions  of  SWATH  ships  fa  presented  by  Lee 
and  Curphey  (Ref.  2).  Strip  theory  provides  the  basis  for 
this  development.  That  is,  it  fa  assumed  that  the  flow  at 
one  transverse  two-dimensienal  section  of  the  ship  fa 
independent  of  the  flow  at  another  section.  This  approoch 
has  been  used  successfully  to  predict  the  motions  of 
conventional  displacement  ships;  however,  SWATH  ships 
diffw  from  conventional  displacement  ships  in  significant 
ways,  creating  a  more  complex  problem.  Far  example, 
the  interaction  effects  resulting  from  the  closeness  of  the 
two  hulls  must  be  described.  The  relatively  small 
woterplane  areo  of  SWATH  ships  implies  a  small  heave 
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restoring  force.  Consequently,  viscous  damping  effects 
which  may  be  ignored  In  modelling  the  vtrsicoi  plane 
motions  of  conventional  displacement  ships  become 
relatively  important  for  SWATH  ships.  The  effect  of 
forward  speed  on  the  wove  from  is  not  modelled  for  either 
SWATH  a-  conventional  ships.  For  the  SWATH  ship  the 
wake  created  by  o  strut  will  affect  the  flow  at  sections 
oft  of  it.  It  con  be  expected  that  this  effect  will  be 
greeter  for  ships  with  two  struts  per  hull  that  far  ships 
with  ate  long  strut  and  that  slender  struts  wil!  generate 
less  wake  then  thicker  ones. 

Correlation  of  theory  with  model  experiments  has 
shown  generally  good  agreement  for  a  range  of  speeds  and 
headings.  A  series  of  experiments  for  the  SWATH  6  series 
was  carried  out  by  Katlio  (Ret.  13).  These  were  models 
for  o  2?Q0  tonne,  73  mete  design  with  various  GMjJs. 
The  configurations,  denoted  A,  B,  and  C,  hod  the  same 
lower  hulls  but  (Efferent  strut  configurations.  The  6A  end 
the  68  eve  single  strut  configurations  whereas  the  6C  is  o 
twin  strut  configuration.  Correlation  between  theory  and 
model  experiments  is  generally  good;  however,  certain 
problems  emerge.  Zero  speed  predictions  are  somewhat 
inconsistent  in  quality.  This  Is  probably  die  to  problems 
in  the  general  modelling  of  the  nonlinear  viscous 
damping.  At  higher  speed,  behavior  is  well  described  but 
far  some  conditions  some  discrepancies  In  magnihxSe 
exist.  Comparisons  of  Kallio's  model  experiments  and 
predictions  for  the  6C  configurations  are  presented  in 
Figures  20  to  23  for  zero  and  20  knots  in  beam  seas. 
Heave  find  relative  bow  motion  response  per  unit  wave 
amplitude  ore  given  as  o  function  of  vyave  length.  At  zero 
speed  the  peak  value  of  heave  is  well  predicted  though  it 
is  predicted  to  occur  of  o  slightly  greater  wave  length 
than  found  in  the  measurements.  The  discrepancy  m 
heart:  also  seems  to  be  reflected  in  the  relative  bow 
motion  predictions.  The  sorretati on  for  20  knots  is  very 
good  as  shown  in  Figures  20  cod  22. 


6.2  Excitation  Force  Co 


risons  for  SSP  KAIMAUNO 


The  good  correlation  with  model  scale  transfer 
functions  for  SWATH  6C  implies  that  predictions  for  SSP 
KAiV.ALIMO,  also  o  twin  strut  design,  should  be 
reasoned)!*.  Unfortunately,  there  ere  no  model  scale 
transfer  functions  available  for  SSP  KAUAaUMO  with 
which  to  make  theoretical  comparisons.  However,  model 
scale  results  do  exist  for  the  wave  exciting  heave  force 
and  pitch  moment.  Since  they  ore  an  important  element 
in  motion  prediction,  they  give  tome  indication  of  the 
relevancy  of  the  motion  predictions  for  SSP  KA1MAUMO. 
The  forces  and  moments  on  the  model  in  head  seas  were 
obtained  os  port  of  an  experimental  pre-gom  documented 
by  Fein  and  Stahl  (Ref.  1A).  The  mode!  did  not  have 
blisters,  wherecs  five  predictions  include  the  effect  of 
blisters.  The  blisters  were  shown  to  hove  small  effect  on 
the  head  sea  motion  in  Figures  A  owl  5;  even  thcxjgh 
motions  ate  the  some,  exciting  farces  are  not  necessaily 
the  some. 

The  ncndimensional  heave  force  fFjgfeJ)  and  phase 
with  respect  to  the  wow  are  given  in  terms  of 
norvSmensional  encounter  frequency.  The  rxxxfimension* 
oJization  for  encounter  frequency  is: 


Me  “  «e'/L/3  W 

where 

is  the  encounter  frequency  in  rad/sec, 

L  is  nominal  length  in  meters  and 
g  is  gravitational  constant  in  m/sec2. 
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separation  between  hulls  and  are  much  smaller  in  area 
relative  to  the  ship  size.  Observations  during  full  scale 
SSP  KAIMALINO  trials  indicate  that  ventilation  can  occur 
as  the  height  of  the  free  surface  over  the  foil  varies  at 
some  speeds,  resulting  in  reduction  of  the  effectiveness  of 
the  foil.  This  is  not  modelled  currently  in  the  SWATH 
prediction  programs. 

With  these  reservations,  predictions  for  heave  and 
pitch  for  SSP  KAIMALINO  travelling  in  beam  seas  are 
presented  in  Figures  28  to  34.  Full  scale  results  were 
available  for  this  heading  at  7,  10  and  15.5  knots  for 
uncontrolled  heave  (vertical  motion  corrected  to  the  CG) 
and  pitch  motion.  Heave  is  presented  in  nondimensional 
form  and  pitch  in  degrees  per  meter.  Soth  motions  are 
presented  as  a  function  of  the  wove  frequency. 
Predictions  are  shown  with  solid  lines,  full  scale  results 
with  dashed  lines.  The  degree  of  correlation  for  heave  is 
not  as  good  as  for  the  SWATH  6C.  The  heave  predictions 
for  SSP  KAIMALINO  are  heavily  damped  whereas  the  full 
scale  results  are  not.  This  predicted  characteristic  is 
probably  due  to  the  modelling  of  the  effect  of  the  aft 
foil.  The  lift  curve  slope  values  were  estimated  by  theory 
and  confirmed  by  model  results.  Degradation  in  lift  due 
to  changes  in  the  free  surface  conditions  are  not  included 
in  the  theory.  For  10  knots  two  sets  of  results  for 
nominally  the  same  trial  conditions  are  given  in  Figure 
29.  The  trials  were  conducted  on  the  same  day  but 
separated  by  a  number  of  hours.  The  results  differ 
somewhat  in  magnitude,  although  they  exhibit  the  some 
trends.  The  major  differences  occur  over  the  frequency 
range  where  there  was  little  wave  energy,  illustrating  the 
difficulties  in  obtaining  transfer  functions  from  full  scale 
trial  data. 

The  correlation  for  pitch  motion  of  SSP  KAIMALINO 
is  better  than  for  heave  motion.  The  correlation  for  zero 
and  7  knots  is  quite  good,  though  again  the  agreement 
between  theory  and  trials  at  10  knots  is  not.  For  this 
speed  a  large  free  surface  deformation  was  observed 
during  the  trials.  The  10  knot  results  in  Figure  33  show 
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Fig.  28  Heave  Transfer  Function  for  SSP  KAIMALINO 
at  7  Knots 
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Fig.  29  Heave  Transfer  Function  for  SSP  KAIMALINO 
at  10  Knots 
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Fig.  30  Heave  Transfer  Function  for  SSP  KAIMALINO 
at  1S.S  Knots 

differences  between  the  two  experimental  conditions  as 
large  as  the  differences  between  the  theory  and  one  of 
the  trial  results.  The  15.5  knot  cori elation  is  better  than 
at  10  knots. 

The  overall  accuracy  of  the  SWATH  ship  motions 
program  has  beer,  established  using  model  experiments. 
Its  applicability  to  SSP  KAIMALINO  motion  prediction 
can  be  inferred  from  the  reasonable  correlation  in  the 
cases  given. 
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Fig.  31  Pitch  Transfer  Function  for  SSP  KAIMALINO 
at  Zero  Speed 
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Fig.  32  Pitch  Transfer  Function  for  SSP  KAIMALINO 
at  7  Knots 
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Fig.  34  Pitch  Transfer  Function  for  SSP  KAIMALINO 
at  15.5  Knots 


7.  DESIGN  CONSIDERATIONS 
7.1  Noturol  Period  Results 

Knowledge  of  the  natural  periods  of  motion  in  heave, 
pitch  and  roll  are  vital  to  analyzing  the  seakeeping 
behavior  of  all  ships,  especially  SiWATH  ships.  The 
designer  of  a  SWATH  ship  desires  to  avoid  synchronous 
motion  conditions  under  normal  operations.  As  noted 
earlier  the  periods  are  highly  dependent  on  parameters 
that  vary  widely  in  a  SWATH  design.  The  standard 
relationships  for  natural  periods  as  given  in  Comstock 
(Ref.  15)  are: 
heave  period, 

T,  =  ?n  A  (1  +  M  'h  (3) 

g  eg  aw 

pitch  period, 

Te  =  2  n  [K§  (1  +  C8>1  'h  (4) 

g  ewt 

and  roll  period, 

T*  =  2*Rlffif  ,5) 

9  GMt. 

where 

Aw  is  the  waterplane  area  in  m^, 

A  is  the  ship  displacement  weight  in  kilograms, 
g  is  the  gravitational  constant  in  m/sec% 

P  is  the  density  of  water  in  kg/m3( 

Ci  is  the  added  mass  coefficient, 

Cg  is  the  added  pitch  moment  of  inertia 
coefficient, 

C, p  is  the  added  roll  moment  of  inertia  coefficient, 
Kg  is  the  pitch  radius  of  gyration  in  meters. 

Kj,  is  the  roll  radius  of  gyration  in  meters  and 
d  is  half  the  hull  centerline  separation  in  meters. 

As  these  equations  indicate,  several  factors  affect 
the  natural  periods.  The  added  mass  and  moment 
coefficients  are  a  function  of  lower  hull  geometry.  The 
waterplane  area  and  metacentric  heights  are  a  function  of 
the  geometry  near  the  waterline.  The  radii  of  gyration 
are  dependent  on  the  ship's  mass  distribution. 

Equations  3,  4  and  5  ignore  coupling  between  modes 
and  clamping  but  do  provide  an  estimate  of  natural  per¬ 
iods.  Assuming  simple  geometrical  added  mass  and  mo¬ 
ment  values  for  SSP  KAIMALINO  of  Cz  =  Cq  =  = 

0.9  as  an  approximation  following  Numata  (Ref.  16)  and 
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using  the  data  in  Table  I  for  the  as-tested  ship  gives: 
Tz  =  8.6  seconds,  T<*  =  9.7  seconds,  and  To  =  15.8 
seconds.  The  periods  also  were  calculated  using  TEquat  ions 
3,  4  and  5  in  which  C?,  Cg,  and  C^,  the  added  mass  and 
added  inertia  coefficients,  were  obtained  from  strip 
theory.  Cg  increases  with  speed  while  Cz  and  are 
independent  of  speed.  These  values  are  plotted  in  Figures 
35  ,  36  and  37  along  with  the  natural  periods  obtained  from 
the  1976  trials  and  the  1979  control  evaluation  trials.  The 
ship  had  buoyancy  blisters  for  these  trials.  The  trial 
natural  periods  are  the  periods  associated  with  the  peaks 
of  the  transfer  functions.  Analysis  of  data  for  some 
conditions  resulted  in  different  natural  periods.  These 
have  been  included  in  the  figures  to  demonstrate  the 
accuracy  with  which  natural  periods  moy  be  obtained  by 
this  technique.  Natural  periods  obtained  in  1973  by 
applying  impulses  to  a  scale  model  of  the  original  design 
at  zero  speed  also  are  included. 

Heave  natural  periods  as  determined  from  the  trial 
data  (Figure  35)  are  fairly  constant  with  speed  as  theory 
predicts.  The  slight  variations  between  theory  and  trials 
may  be  due  to  changes  in  the  waterline  at  various  speeds 
which  are  not  accounted  for  in  the  theory.  Pitch  natural 
period  (Figure  36)  tends  to  increase  with  speed.  The 
period  based  on  added  inertia  from  strip  theory  shows  this 
speed  effect  reasonably  well.  The  roll  period  in  Figure  37 
is  predicted  by  theory  to  be  18.5  seconds,  irrespective  of 
speed.  The  trial  results  for  roll  are  sparse  since  at  these 
long  periods  there  was  very  little  wave  energy  and 
generally  unreliable  data.  The  trial  data  that  are 
available  agree  fairly  well  with  the  theory.  The  model 
test  result  is  lower  than  the  trial  value.  The  model 
represented  the  original  design  configuration,  and  does 
not  fully  represent  the  ship  as  tested.  The  estimated  roll 
period  .s  low.  In  this  case  the  value  of  C<p  is  based  on 
the  assumption  that  rolling  is  equivalent  to  the  heaving  of 
one  hull  up  while  the  other  moves  down. 

There  are  certain  static  errors  inherent  in  comparing 
natural  periods  from  trials  with  predicted  values.  One  is 
uncertainty  about  the  exact  fuel  and  ballast  load  during 
the  trial.  Though  the  ship  was  ballasted  to  the  same 
condition  every  day,  fuel  use  and  weight  shifting  can 
occur.  This  effect  on  metacentric  height  and  moments  of 
inertia  cannot  be  estimated.  Also  viscous  damping  has  a 
strong  influence  on  pitch  natural  period  underway.  A 
better  method  for  obtaining  natural  periods  is  to  apply  a 
force  impulse  to  the  ship  while  underway,  which 
unfortunately  has  not  been  done  to  SSP  KAIMALINO  since 
the  addition  of  the  blisters. 
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Fig.  37  Roll  Natural  Period  for  SSP  KAIMALINO 


7.2  Noturol  Periods  and  Design 

The  advantage  of  the  long  natural  periods  attainable 
by  SWATH  ship  designs  is  that  resonant  conditions  leading 
to  large  motions  and  degraded  operability  will  not  occur 
for  most  wave  conditions.  The  designer  desires 
platforming  conditions  to  minimize  pitch  and  heave 
motion  in  head  seas.  If  the  natural  periods  in  pitch  and 
heave  are  about  20  percent  greater  than  the  encountered 
modal  period  of  the  secway  this  supercritical  behavior  can 
be  accomplished. 

if  natural  periods  are  sufficiently  long  the  extreme 
motions  associated  with  resonance  will  not  lead  to  severe 
velocities  or  accelerations  since  encounter  periods  would 
be  low.  This  was  found  to  be  true  in  the  case  of  SSP 
KAIMALINO  when  operating  in  following  seas  at  15.5 
knots  without  control.  Pitch  motions  of  20  degrees 
crest-to-trough  were  recorded  but  operability  was  not 
adversely  affected  as  long  as  the  propellei  remained 
submerged  and  the  bow  was  not  impacting.  Simple 
automatic  or  even  manual  control  could  easily  prevent 


-546- 


such  extremes  of  motion.  Similar  thinking  applies  to 
beam  sea  rolling.  A  very  long  roll  period  assures  that 
resonant  conditions  will  not  occur  in  beam  seas  under 
almost  all  conditions.  Resonant  conditions  that  might 
occur  in  following  seas  at  moderate  speeds  can  be 
controlled  by  automatic  motion  reduction.  Thus  the  trend 
in  SWATH  ship  design  is  to  take  advantage  of  long  natural 
periods  for  good  inherent  seakeeping  in  most  sea 
conditions  while  relying  on  automatic  control  and  other 
means  to  decrease  motions  when  resonant  conditions  are 
reached  in  foliowing  seas  at  moderate  speeds. 

The  SWATH  ship  designer  must  also  be  aware  of  the 
interrelationships  among  the  various  natural  periods. 
Pitch  and  roll  periods  should  be  separated  so  that 
uncomfortable  "corkscrewing"  motions  will  not  occur  in 
quartering  seas  as  in  the  case  of  SSP  KAIMAL1M0  at  15.5 
knots  when  Tg  (16  seconds)  and  T<s  (21  seconds)  were 
both  excited  at  the  same  time.  The  change  in  periods  with 
speed  underlines  the  importance  of  having  a  good  motion 
prediction  technique  that  can  Le  used  in  the  early  stages 
of  design.  Roll  and  heave  periods  and  pitch  and  heave 
periods  should  also  be  separated  if  possible.  The 
interrelationships  among  the  natural  periods  is 
particularly  important  at  low  speeds  where  control  fins 
are  not  effective  in  modifying  motions.  The  choice  of 
natural  periods  may  be  diclated  by  low  speed  behavior, 
particularly  if  the  ship's  mission  requires  a  long  duration 
at  low  speeds. 

The  natural  periods  are  closely  related  to  three  other 
design  issues:  the  amount  of  waterplane  area,  the 
bridging  structure  clearance  height  and  the  metaceniiic 
heights.  The  heave  natural  period  can  be  increased  by 
decreasing  waterplane  area.  Such  a  decrease  also  will 
decrease  the  heave  exciting  force  in  waves,  and  probably 
decrease  resistance  as  well.  It  must  be  remembered 
however  that  as  the  waterplane  area  is  decreased,  the 
restoring  force  also  is  decreased.  This  can  result  in  the 
situation  that,  should  resonance  occur  at  these  longer 
periods,  the  motions  can  be  rather  large  even  though  the 
exciting  force  is  small  as  shown  in  Pien  and  Lee  (Ref. 
17).  The  final  selection  of  waterplane  area  must  reflect  a 
balance  between  the  above  requirements.  Other  issues 
that  will  come  into  the  decision  are  structural  and 
arrangements  considerations. 

Longitudinal  metacentric  height  is  a  function  of  the 
distribution  of  the  waterplane  area.  Increasing  GMi 
decreases  the  pitch  natural  period  but  provides  o  "stiffer" 
ship  in  terms  of  pitch  restoring  force  for  surviving  in 
extreme  seas.  Increased  clearance  height  tends  to 
decrease  both  metacentric  heights  while  imposing  a 
severe  structural  weight  penalty.  Platforming  (not 
responding  in)  all  waves  would  require  a  high  clearance. 
This  is  the  approach  taken  by  designers  of  column 
stabilized  platforms.  Changing  from  platforming  to 
contouring  as  seaways  get  higher  with  longer  associated 
periods  is  the  desirable  approach  for  SWATH  ships.  This 
puts  an  unper  limit  on  the  desired  natural  periods. 
Automatic  control  and  bow  up  trim  are  further 
considerations  that  may  influence  the  final  clearance 
design  of  a  SWATH  ship. 

Overall  seakeeping  is  both  a  constraint  and  an 
opportunity  to  the  designer  as  hydrostatics,  structures, 
arrangements,  powering  and  other  factors  are  balanced  to 
obtain  a  good  design.  The  dependence  of  seakeeping  on 
metacentric  heights,  moments  of  inertio  and  clearance 
points  out  that  the  usual  weight  growth  of  ships  can  be  a 
serious  problem  for  a  SWATH  hull.  Thus,  until  experience 
is  gained  in  design  and  construction,  the  SWATH  ship  will 
require  larger  margins  than  conventional  hulls. 
Nevertheless  the  SWATH  concept  offers  the  opportunity 
to  design  a  hull  with  low  motions  and  therefore  enhances 


its  capability  for  naval  operations  such  as  aircraft  landing 
and  takeoff,  weapons  firing,  and  towing  sonar. 

7.3  PREDICTION  OF  EXTREME  MOTIONS 

In  previous  sections  ^rie  motions  of  SSP  KAIMALINO 
have  been  presented  as  obtained  in  seas  of  a  specified 
severity  characterized  by  the  specific  wave  spectra  given 
in  Figures  17,  18,  and  19.  The  shape  of  wave  spectra, 
however,  can  vary  considerably  (even  though  the 
significant  heights  are  the  same)  depending  on  duration 
and  fetch  of  wind,  stage  of  growth  and  decay  of  a  storm, 
or  the  existence  of  swell.  Thus,  during  her  lifetime,  a 
SWATH  ship  may  encounter  a  vast  variety  of  wave 
situations.  For  design  consideration,  therefore,  it  is 
important  to  examine  the  effect  of  wave  severity  as  well 
as  wave  spectral  formulations  on  the  magnitude  of 
responses  of  SWATH  ships.  For  this,  computations  of  the 
probable  extreme  values  of  heave  and  pitch  of  SSP 
KAIMALINO  in  a  seaway  have  been  carried  out  in  three 
different  mathematical  spectra  following  the  method  for 
short  term  response  prediction  presented  in  Reference 
18.  The  probable  extreme  value  is  the  largest  value  likely 
to  occur  in  a  specified  ship  operation  time,  here  taken  as 
the  duration  of  the  sea  condition.  The  Bretschneider, 
Pierson-Moskowitz  and  the  Ochi  six-parameter  spectral 
formulations  were  used  in  the  computations,  and  these 
were  applied  to  the  transfer  functions  obtained  from  an 
analysis  of  SSP  KAIMALINO  data  obtained  in  beam  seas 
at  a  speed  of  10  knots. 

Computations  using  the  Bretschneider  and  the  Ochi 
six-parameter  representations  were  made  for  a  family  of 
wave  spectra  from  which  the  upper  and  lower  bounds  of 
responses  with  confidence  coefficient  of  0.95  were 
determined  cs  well  as  those  responses  most  likely  to 
occur;  that  is,  the  responses  in  the  most  probable  wave 
spectrum  for  a  given  sea  severity.  These  responses  were 
then  compared  with  those  computed  using  measured 
spectra  at  Stction  Indio  in  the  North  Atlantic  (Weather 
Station  I)  in  order  to  determine  how  well  the  bounds  cover 
the  variation  of  responses  in  the  measured  spectra.  The 
results  are  shown  in  Figures  38  and  39  for  pitch  and  in 
Figures  AO  and  A I  for  heave  for  wave  heights  up  to  A.9 
meters.  Included  also  in  the  figures  are  the  responses  in 
the  Pierson-Moskowitz  spectrum.  Wave  heights  greater 
than  A.9  meters  (Sea  State  6)  were  not  investigated  since 
craft  linearity  has  not  been  verified  in  seas  of  severity 
greater  than  this. 

The  scatter  of  the  responses  computed  in  the 
measured  Station  India  spectra  shown  by  the  crosses 
indicates  that  the  probable  extreme  values  of  both  pitch 
and  heave  amplitude  vary  considerably  for  a  given 
significant  wave  height.  The  Pierson-Moskowitz  spectrum 
underpreaicts  the  motions  in  the  lower  wave  heights  while 
it  tends  to  predict  values  somewhat  high  in  the  higher 
significant  wave  heights.  It  is  also  apparent  from  the 
figures  that,  in  general,  for  both  pitch  and  heave  motions, 
the  upper  and  lower  bounds  of  the  values  computed  using 
the  six-parameter  spectral  formulation  better  encompap 
the  data  from  the  measured  spectra  in  the  North  Atlantic 
than  do  those  obtained  using  the  Bretschneider 
formulation.  While  the  former  appears  to  cover  the  range 
of  magnitudes  computed  using  the  measured  spectra 
reasonably  well,  the  latter  tends  to  overpredict  the  lower 
bounds  and  underpredict  the  upper  bounds  of  both  modes 
of  motion.  The  six-parameter  spectral  formulation  can 
better  describe  the  shape  of  spectra  (e.g.,  double  peaks) 
than  the  Bretschneider  formulation.  This  allows  for  a 
better  description  of  some  seaways,  and  probably 
accounts  for  the  good  correlation  between  the  responses 
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Significant  Wave  Height  (m) 

Fig.  38  Probable  Extreme  Pitch  Amplitudes  for 
Measured  Spectra  at  Station  India,  Pierson- 
Moskowitz  and  Bounds  of  Bretschneider 
Spectra 


Significant  Wave  Height  (m) 

Fig.  39  Probable  Extreme  Pitch  Amplitudes  for 
Measured  Spectra  at  Station  India  and  Bounds 
of  Ochi  6-Parameter  Spectra 


Significant  Wave  Height  (m) 

Fig.  40  Probable  Extreme  Heave  Amplitudes  for 
Measured  Spectra  at  Station  India,  Pierson 
Moskowitz  and  Bounds  of  Bretschneider 
Spectra 


Fig.  41  Probable  Extreme  Heave  Amplitude  for 
Measured  Spectra  at  Station  India  and  Bounds 
of  Ochi  6-Parameter  Spectra 
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based  on  the  six-parameter  formulation  and  the  Station 
India  data. 

While  the  most  probable  extreme  value  of  a  motion  in 
a  specified  seaway  is  that  which  is  most  likely  to  occur, 
the  probability  that  the  extreme  value  will  exceed  the 
most  probable  value  is  quite  large  (theoretically  63 
percent).  Hence,  it  is  highly  desirable  to  predict  the 
extreme  value  for  which  the  probability  of  being  exceeded 
is  a  preassigned  small  value  /9.  Ochi  (Reference  18) 
developed  a  formula  for  predicting  this  extreme  value 
which  he  calls  the  "design  extreme  value,"  and  it  is 
expressed  as  follows: 

Yni/j)  =  (6) 

\2  n  (/3/k) v  m0/ 

where 

t  is  the  observation  time  in  hours, 
mQ  is  the  area  under  the  response  spectrum, 
m2  is  the  second  moment  of  the  response  spectrum, 
/3  is  the  risk  parameter  and 

k  is  the  number  of  encounters  with  a  specified 
sea  in  a  sh'p's  lifetime. 

The  risk  factor,  /3,  can  be  assigned  at  the  designer's 
discretion  but  is  given  a  value  of  0.01  if  it  is  desired  to 

design  for  99  percent  assurance  that  this  (single) 

amplitude  will  not  be  exceeded.  The  number  of 

encounters  with  a  specified  sea,  k,  involves  the  ship 
operation  time  at  the  specified  speed  in  the  sea 

considered  and  the  maximum  duration  of  the  sea. 

As  noted  previously,  an  important  consideration  in 
the  design  of  SWATH  ships  is  the  sizing  of  the  bridging 
structure  clearance  height,  since  it  must  reflect  a  balance 
between  requirements  to  limit  weight  and  to  assure 
adequate  transverse  metacentric  height,  and  the 
requirement  for  sufficient  clearance  to  minimize  water 
contact  and  slamming  on  the  bridging  structure. 

Therefore,  it  may  be  of  interest  to  examine  how  the 
extreme  relative  bow  motion  that  may  be  experienced  by 
SSP  KAIMALINO  without  any  form  of  control  relates  to 
its  clearance  height  of  1.83  meters.  Computations  using 
Equation  6  were  therefore  carried  out  for  a  head  Sea 
State  5  (significant  wave  height  of  3.05  meters)  at  a  speed 
of  7  knots  using  the  B/etschneider  formulation  for  a  range 
of  modal  periods  appropriate  for  the  specified  wave 
height.  The  risk  factor  /3  was  taken  as  0.01  and  the 
lifetime  exposure,  k,  or  the  number  of  encounters  with 
the  specified  sea,  heading,  and  speed  was  assumed  to  be 
approximately  ten.  The  calculations  we/e  made  for  the 
centerline  of  the  cross  structure  at  the  forwardmost 
location  of  the  flat  bottom  just  before  the  start  of  the 
curved  bow.  The  results  are  presented  in  Figure  42  where 
they  are  shown  as  a  function  of  operation  time.  It  is  seen 
that  the  extreme  value  increases  significantly  during  the 
first  several  hours  and  thereafter  increases  very  slowly 
throughout  the  44  hour  period  which  is  the  estimated 
duration  of  a  sea  of  the  specified  severity.  The  figure 
also  shows  that  the  extreme  relative  bow  motion  of  the 
ship  will  exceed  the  cross  structure  clearance  height 
within  four  hours  operation  time  if  no  motion  control  is 
used.  However,  its  performance  during  the  remainder  of 
the  storm  (about  40  hours  in  this  case)  should  not  degrade 
much  after  the  initial  time  period. 

Although  water  contact  can  be  expected  it  does  not 
necessarily  imply  a  slam.  Indeed,  experience  aboard  SSP 
KAIMALINO  during  the  seakeeping  trials  did  show  that 
while  there  was  a  fair  amount  of  water  contact  with  the 
bridging  structure  in  head  Sea  State  5,  these  contacts 
tended  at  the  lower  speeds  to  be  gentle  wave  slaps  that 
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did  not  impart  an  arresting  motion  to  the  ship.  Though 
some  variability  may  exist  between  the  assumptions  made 
here  regarding  SSP  KAIMALINO  operations  and  the  actual 
operational  experience  over  her  lifetime,  this  analysis 
does  demonstrate  the  importance  of  the  relationship 
between  clearance  height  and  relative  bow  motion. 

8..  CONCLUDING  REMARKS 


The  results  of  the  full  scale  trials  of  SSP 
KAIMALINO  demonstrate  the  good  motions 
characteristics  of  SWATH  ships  and  the  benefits  of 
automatic  motion  control.  The  agreement  between  the 
significant  values  of  motions  from  mode!  and  full  scale 
results  is  reassuring  for  the  application  of  future  model 
scale  results.  The  theoretical  predictions  agree  with  the 
twin-strut  SWATH  6C  model  data.  For  SSP  KAIMALINO 
the  agreement  between  theory  and  model  exciting  forces 
is  reasonable,  while  the  transfer  functions  derived  from 
the  trials  data  have  an  inherent  uncertainty  that  makes 
firm  conclusions  difficult.  The  motion  results  for  SSP 
KAIMALINO  illustrate  the  importance  of  separation  of 
natural  periods  and  the  influence  of  these  periods  on  the 
motion  response.  The  extreme  value  predictions  offer  a 
means  of  applying  experiments  and  theory  to  design  and 
operational  problems. 

The  SVATH  ship  offers  great  potential  for  achieving 
good  seakeeping.  To  the  designer  this  means  increased 
operability  and  mission  effectiveness.  The  small 
woterplane  area  alters  the  seakeeping  characteristics  and 
allows  for  a  relatively  small  control  force  to  make  large 
changes  in  the  motion  responses.  The  SWATH  concept 
locks  the  long  design  history  of  monohulls;  however,  the 
tools  required  for  predicting  motions,  natural  periods,  and 
extreme  values  are  well  developed.  Through  these 
prediction  techniques,  the  effects  on  seakeeping  of 
natural  periods,  metacentric  heights,  waterptane  area, 
and  other  parameters  are  becoming  understood. 
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Discussion 


C.  Kenned  {Haw /  Sea  System  Command) 


The  introduction  of  a  new  ship  concept 
is  a  high  risk  venture  due  to  the  high  cost 
of  today's  ocean  vessels  and  the  vulnerabi¬ 
lity  of  man  and  his  machines  to  nature's 
forces.  These  anxieties  can  be  reduced 
significantly  by  demonstrating  that  the  be¬ 
havior  of  a  new  vehicle  can  be  accurately 
predicted  prior  to  committing  large  sums  of 
money  to  construction.  This  paper  demon¬ 
strates  such  a  capability  for  some  of  the 
most  important  aspects  of  SWATH  ship  sea¬ 
keeping.  The  correlation  of  the  authors' 
analytical  predictions  with  test  results 
from  the  three  meter  model  and  the  25  meter 
model  is  most  reassuring.  Documenting  the 
wave  spectra  "used"  for  the  large  model 
tests  lends  a  sense  of  completeness  to  the 
paper. 

A  curious  feature  of  the  motions  data 
in  figures  4,  5,  8,  and  9  is  the  noticeable 
scarcity  of  data  for  speeds  from  10  to  16 
knots.  This  part  of  the  curve  is  particu¬ 
larly  interesting  since  both  pitch  and  roll 
responses  show  peaks  for  these  speeds.  The 
authors  discuss  the  role  of  the  ship's  bow 
wave  in  dampening  pitch  below  10  knots. 
Perhaps  at  higher  speeds  the  ship  is  bal¬ 
anced  on  its  bow  wave  and  is  not  sufficient¬ 
ly  stable  to  allow  data  collection.  Elabo¬ 
ration  on  this  point  would  be  appreciated. 

A  related  aspect  that  is  puzzling  is 
the  apparent  lack  of  influence  of  the  buoy¬ 
ancy  blisters  on  motions.  The  location  of 
these  hull  appendages  representing  about 
15  percent  of  the  displacement  should  lead 
to  cancellation  of  hull  and  strut  generated 
waves,  including  the  bow  wave.  As  a  result, 
the  vessel  with  blisters  should  be  less 
sensitive  to  sinkage  and  trim  effects.  How¬ 
ever,  motions  at  10  knots  are  the  same  with 
and  without  the  blisters  indicating  the 
same  heavy  pitch  damping  due  to  the  bow 
wave.  The  scarcity  of  data  above  10  knots 
limits  further  speculation.  Perhaps  the 
authors  can  provide  some  additional  insight 
into  this  matter. 

Heave  reponses  for  the  SSP  Kaimalino 
are  conspicuous  by  their  absence.  The  rea¬ 
sons  for  not  collecting  such  data  are  of 
interest. 

The  reasons  for  selecting  beam  seas 
for  extreme  motions  predictions  rather  than 
the  more  conventional  head  seas  would  be 
appreciated. 

This  fine  paper  is  clearly  a  product 
of  the  RSD  community.  However,  by  assem¬ 
bling  such  a  comprehensive  tre  _ment  of 
SWATH  motions  predictions,  the  authors  will 
find  that  the  importance  of  their  work 
extends  well  beyond  the  technical  community. 
Demonstration  of  technical  capabilities  in 
this  discipline  as  well  as  many  others  may 
well  convince  decision  makers  accept  the 


residual  risks  inherent  in  producing  func¬ 
tional  SWATH  ships  such  as  the  MESA  80  built 
by  Mitsui  Engineering  &  Shipbuilding  and 
the  Dutch  DUPLUS.  I  would  like  to  thank 
the  authors  for  taking  this  important  step 
in  that  direction. 


N.  Toki  (MHl) 


In  DTNSRDC,  very  sophisticated  re¬ 
searches  have  been  performed  on  SWATH  ships, 
and  today,  the  authors  added  another  val¬ 
uable  report.  At  first,  I  would  like  to 
express  my  highest  regard  to  your  vast 
studies  on  the  seakeeping  characteristics 
of  SWATH  ships. 

In  Nagasaki  Experimental  Tank,  we  have 
studied  this  type  of  ships  referring  to 
the  papers  of  DTNSRDC,  and  performed  several 
tank  tests  both  in  calm  water  and  in  waves. 
On  the  basis  of  our  experience,  I  would 
like  vo  ask  the  authors'  opinion  on  the 
following  points. 

1.  In  the  present  paper,  the  authors 
mentioned  "Largest  motions  were  found  in 
following  seas  when  ship  speed  was  close  to 
the  wave  speed."  Reading  the  same  comment 
in  the  earlier  paper  of  DTNSRDC,  we  have 
been  thinking  over  the  cause  of  this  phe¬ 
nomenon.  The  authors  considered  that  large 
motions  were  activated  mostly  by  a  full 
span  aft  foil  of  SSP  KAIMALINO.  From  our 
study,  however,  contribution  to  these  large 
motions  should  be  shared  by  several  factors: 
such  as,  fore-aft  asymmetry  of  the  hull  re¬ 
presented  in  the  value  of  LCB-LCF,  Munk's 
unstable  moment  which  reduces  the  stability 
of  pitching,  and  of  course,  the  arrangement 
of  foils. 

Let  me  explain  more  in  detail.  We 
have  been  using  the  following  formula  to 
estimate  the  motion  amplitudes  of  SWATH  in 
the  specified  condition,  i.e.  we  =  0  in 
following  waves,  neglecting  all  of  the  terms 
expressing  the  dynamic  effect. 


' 
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where 

R3,3,  r3,5/  R5, 3,  and  Rg.s  :  elements  of 
restoring  coefficient  matrix 
z,  e  :  complex  amplitudes  of  heave  and  pitch 
F3,  F5  :  complex  amplitudes  of  wave  exciting 
heave  force  and  pitch  moment 
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F5  =  j^fgVGMjkA  +  62?%UA  J^A^fJC^ 

A^(f)  :  projected  area  of  i-th  foil  to  hor¬ 
izontal  plane 

li  :  x-coordinate  of  quarter-chord  point  of 
i-th  foil 

CLai  *  lift  curve  slope  per  radian  of  i-th 
foil 

01,32,61,82  :  correction  factors 
The  other  nomenclature  is  same  as  the  au¬ 
thors  1  one . 

Making  use  of  published  data  of  SWATH 
6-A  given  in  Ref. (2) ,  I  would  like  to  ex¬ 
plain  the  causes  of  large  motions  in  fol¬ 
lowing  waves.  The  value  of  (LCB-LCF)  is 
assumed  to  be  3  m.  The  amplitudes  of  heave 
and  pitch  "ere  calculated  in  the  case  of 
tae  =  0  where  X/L  =  1.0,  8  =  0°,  and  U  =  20 
knots.  In  this  condition,  ai, 02,81,  and 
82  are  assumed  to  be  0.1,  0.3,  0.1,  and  0  6 
respectively,  based  on  our  experience.  Cal¬ 
culations  were  made  for  the  various  hull 
configurations  as  follows.  The  results  of 
calculation  are  shown  in  the  table. 

1)  Original  SWATH  6-A 

2}  SWATH  6-A  with  foils,  each  projected 
area  of  which  is  twice  as  large  as  the  orig¬ 
inal  one. 

3}  SWATH  6-A  with  foils,  each  projected 
area  of  which  is  three  times  as  large  as 
the  original  one. 

4)  Same  SWATH  6-A  as  3) ,  but  assumed 
LCB-LCF  =  0. 

")  Same  SWATH  6-A  as  3) ,  but  the  effect 
of  Mui.k's  unstable  moment  is  not  considered. 
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1)  Original  SWATH  6-A 

0.89 

3.47 

2)  Foil  area  :  twice 

1.46 

3.52 

3)  Foil  area  :  three 
times 

2.09 

3.67 

4)  Foil  area  :  three 
times  LCB-LCF  =  0 

0.94 

1.74 

5)  Foil  area  :  three 
times  without 
Munk's  moment 

0.77 

1.25 

From  this  calculation,  it  is  understood  that 
following  three  factors,  too  large  foils, 
fcre-aft  asymmetry  of  the  hull,  and  Munk's 
unstable  moment,  equal1"  contributed  to 
invite  large  motions  in  the  case  of  we  =  0. 

2.  According  to  our  experience,  in  the 
region  where  Froude  number  nearly  equals 
0.35,  rather  high  transverse  wave  is  gener¬ 
ated  by  bow  in  the  part  from  midship  to 
square  station  3  inside  or  two  hulls,  and 
make  the  bridging  structure  clearance  smal¬ 


ler.  We  were  afraid  that  in  waves  severe 
slamming  might  occur  on  the  bottom  of  bridg¬ 
ing  structure,  and  performed  a  series  of 
tank  experiments.  As  the  result  we  found 
there  is  rather  high  possibility  of  slam¬ 
ming,  if  the  SWATH  keeps  its  advance  speed 
at  the  specified  value  for  a  long  time. 

On  the  other  hand,  we  hope  there  might 
be  no  fear  of  slamming  in  the  practical 
operation,  because  we  know  that  keeping  its 
advance  speed  at  that  particular  value  is 
very  difficult  and  advance  speed  deviates 
easily.  Hence,  we  have  not  arrived  at  a 
conclusion. 

For  SSP  KAIMALINO,  Froude  number  nearly 
equals  0.35  when  its  advance  speed  is  10 
knots.  If  I  could  ask  the  authors  for  any 
further  explanation  to  the  point  in  relation 
with  the  sea  trial  of  SSP  KAIMALINO  at  10 
knots,  it  would  be  appreciated  very  much. 

3.  During  the  tank  test  of  our  SWATH 
model  in  regular  waves,  I  have  noticed  sev- 
ral  times  the  phenomenon  which  seems  to  be 
the  so-called  "unstable  rolling".1)  The 
phenomenon  occured  in  the  cases  where  en¬ 
counter  period  nearly  equals  the  natural 
period  of  heave-pitch  coupled  motion,  and 
the  natural  period  of  rolling  is  twice  as 
long  as  the  period.  In  this  case,  incident 
wave  activates  rolling  motion  of  its  natural 
period  together  with  resonant  heave-pitch 
coupled  motion.  This  phenomenon  is  reson¬ 
ance  of  rolling  motion  with  2-nd  order  hy¬ 
drodynamic  force  generated  by  large  ampli¬ 
tude  vertical  motion. 

In  the  authors'  paper,  there  are  some 
expressions  suggesting  the  existence  of 
"unstable  rolling".  Therfore,  I  presume 
that  SSP  KAIMALINO  also  have  had  the  ex¬ 
perience  similar  to  the  one  appeared  in  our 
model  test.  Any  comments  by  the  authors  on 
this  phenomenon  would  be  most  instructive 
for  us  in  both  theoretical  and  practical 
viewpoints. 

REFERENCE 

1)  Paulling,  J.R.  and  Rosenberg,  R.M.: 
On  Unstable  Ship  Motions  Resulting  from 
Nonlinear  Coupling,  Journal  of  Ship  Re¬ 
search,  Vol.3,  No. 1  June  1959 


H.  Maruo  (Yokohama  N.  Univ.) 


I  appreciate  the  authors’  presentation 
of  full  scale  performances  because  existing 
data  for  this  kind  of  hull  configuration 
are  rather  seldom. 

I  would  like  to  make  a  brief  comment 
about  the  Hull  shape  of  Kaimalino  shown  in 
Fig.l.  I  don't  think  the  hull  configura¬ 
tion  is  not  optimized  from  the  point  of 
view  of  wave  resistance  theory.  According 
to  my  earlier  study,  effective  cancellation 
of  waves  generated  by  the  lower  hulls  and 
those  of  surface  piercing  structure  cannot 
be  realized  by  this  configuration. 
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fl.T.  Sohmitka  {D»CA) 


Wo  aro  thinking  of  initiating  a  method¬ 
ical  model  aeries  for  SWATH  ships,  aimed 
primarily  at  the  2000  -  10000  ton  sise 
range.  We  are  thinking  in  terms  of  roughly 
10  models.  Ths  series  would  address  both 
resistance  and  seaksaping.  Would  the 
authors  offer  some  guidance  regarding  ex¬ 
periment  design  ? 


Author’s  Reply 


J.A.  Fein,  M.D.  Ochl  and  K.K.  McCrelght  (DTNSRDC) 


The  authors  wish  to  thank  Mr. Kennel, 
Mr.Toki,  Mr.Schmitke  and  Professor  Maruo 
for  their  very  valuable  discussions.  It 
was  of  special  interest  to  learn  about  the 
Mitsubishi  SWATH  research  from  Mr.Toki. 

Both  Mr. Kennel  and  Mr.Toki  have  in¬ 
quired  about  the  motions  data  above  10 
knots.  From  just  over  10KTS  to  13KTS  the 
ship  is  overtaking  its  bow  wave  and  thus 
constant  speeds  in  that  range  are  difficult 
to  maintain.  The  ship  generated  bow  wave 
does  reduce  the  clearance  height  of  the 
SSP  in  the  aft  portion  of  the  ship  in  this 
speed  range  as  Mr.Toki  has  pointed  out. 

This  is  a  phenomenon  that  must  be  consid¬ 
ered  in  the  operation  of  the  ship,  however, 
since  sustained  operation  in  this  transi¬ 
tion  speed  range  is  difficult  to  maintain 
increased  slamming  frequency  in  this 
condition  is  not  expected  to  pose  a  prob¬ 
lem  in  practice.  The  scarcity  of  data 
above  13KTS  is  unfortunately  due  to  a  lack 
of  sufficient  operating  time  with  the  in¬ 
strumented  ship  as  well  as  speed  limitation 
of  the  ship. 

The  lack  of  influence  of  the  blisters 
on  the  pitch  motions  we  attribute  to  their 
location  near  midships  on  the  inboard  side 
of  the  lower  hulls.  The  blisters  attached 
to  the  ship  during  the  trials  were  smaller 
than  those  now  installed  and  were  net 
designed  to  cancel  ship  generated  waves. 
Thus  we  agree  with  Professor  Maruo 1 s  com¬ 
ment  regarding  hull  optimization.  The  SSP 
does  not  reflect  current  design  philosophy 
in  the  United  States  but  it  does  provide  a 
vehicle  for  assessing  some  of  the  merits 
of  the  SWATH  concept.  We  are  currently 
involved  in  an  effort  to  increase  SSP  dis¬ 
placement  in  which  we  ara  giving  considera¬ 
tion  to  certain  parametric  changes  for  im¬ 
proved  performance  from  both  the  seakeep¬ 
ing  and  wave  making  resistance  point  of 
view. 

The  pure  heave  motion  of  the  SSP  was 
not  measured  directly  since  the  longitudi¬ 


nal  center  of  gravity  is  located  in  the 
open  ship  well  area.  The  vertical  motion 
data  and  vertical  acceleration  data  from 
transducers  located  close  to  the  LCG 
presented  in  Figures  6,  15  and  16  provide 
an  indication  of  heave  behavior.  We  agree 
with  Mr, Kennel  that  heave  motion  is  an 
important  parameter  in  the  correlation  with 
SWATH  predictions. 

The  use  of  beam  soa  conditions  for 
extreme  motion  predictions  reflects  our 
belief,  based  on  other  SWATH  model  data, 
that  unlike  conventional  monohull  ships, 
beam  sea  heading  appears  to  be  better  for 
survivability  for  SWATH  than  head-into-the- 
wave  conditions. 

We  agree  with  Mr.Toki  that  the  fore- 
aft  hull  asymmetry  and  Munk's  unstable 
moment  can  lead  to  large  motions  along 
with  the  large  foil  near  ■  0.  However, 
model  tests  and  analytical  results  address¬ 
ing  other  similar  hull  shapes  suggest 
smaller  motions  in  following  seas  than 
experienced  by  SSP  KAIMALINO.  Further,  a 
comparison  of  motions  computed  by  our 
colleague,  Dr. Lee,  at  the  Center  at  we  -0 , 
assuming  only  the  presence  of  static  terms, 
with  model  results  shows  that  the  static 
assumption  may  not  be  completely  adequate 
for  describing  the  motions  in  this  region. 
Therefore  we  are  not  sure  that  an  evalua¬ 
tion  of  the  contribution  of  the  various 
factors  to  the  motions  in  this  condition 
can  be  adequately  made  from  such  an  approach 

Regarding  the  cause  of  the  unstable 
rolling  motion  we  agree  that  the  Mathieu 
type  of  coupled  instability  could  exist 
under  certain  conditions.  We  have  not  ob¬ 
served  this  behavior  in  our  model  tests  so 
far.  However,  we  have  observed  some  roll 
motion  instability  in  waves  whose  period 
was  one-half  the  roll  period.  Roll  motion 
would  become  large  with  rolling  occur ing 
at  its  natural  frequency.  Thus  was  observed 
on  our  SWATH  6B  model.  Pitch  and  heave,  how 
ever,  were  not  large  and  the  encounter  fre¬ 
quency  was  not  synchronous  with  the  pitch- 
heave  coupled  motions.  Similar  results 
were  observed  during  model  tests  at  the 
Davidson  Laboratory  of  SIT.  Dr. Lee  of 
DTNSRDC  has  carried  out  an  analytical  study 
which  suggests  that  waves  having  a  natural 
frequency  twice  the  natural  frequency  in 
roll  can  cause  a  roll  instability  due  to 
the  presence  of  nonlinear  behavior  occuring 
in  the  restoring  force.  However,  we  are 
very  interested  to  learn  that  Mr.Toki  has 
also  observed  unstable  behavior  of  a  dy¬ 
namic  origin  and  feel  that  future  investiga¬ 
tions  are  warranted  in  this  area. 

Finally,  on  response  to  Mr.Schmitke 
we  wish  to  encourage  his  country's  efforts. 
Areas  where  series  experiments  are  needed 
include  fin  size  and  location,  rudder  con¬ 
figuration,  and  upper  hull  bow  design.  In 
addition,  the  distribution  and  amount  of 
waterplane  area,  which  influences  natural 
periods,  metacentric  heights,  and  LCB-LCF 
differences,  could  serve  as  a  framework 
for  the  parametric  variations. 
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Hull  Form  Design  of  the  Semi- Submerged 
Catamaran  Vessel 

Yuzo  Kusaka,  Hiroshi  Nakamura  and  Yoshikuni  Kunitake 
Mitsui  Engineering  &  Shipouilding  Co .  Ltd 


ABSTRACT 

The  hull  form  design  procedure  of  the 
SSC  (Semi-Submerged  Catamaran)  is  discussed 
from  the  viewpoint  of  minimizing  wave  re¬ 
sistance.  The  effects  of  hull  configuration 
of  the  SSC  on  wave  resistance  are  briefly 
presented  using  the  results  of  series  model 
tests  of  hull  elements.  A  mathematical 
model  for  wave  resistance  based  on  the  thin 
ship  theory  has  been  developed,  in  which 
Michell's  source  distribution  is  used  to 
represent  the  strut’s  geometry  and  the 
equivalent  line  doublet  distribution  to  the 
lowerhull  is  introduced.  The  correction 
factors  included  in  the  mathematic*1  model 
are  derived  from  comparison  of  tv  :  the  ■'ret- 
ical  results  with  the  measured  data.  The 
design  procedure  to  obtain  an  SSC  hull  form 
with  minimum  wave  resistance  are  described, 
and  examples  of  the  optimized  hull  form  are 
presented.  Design  and  sea  trial  results  of 
the  first  commercial  SSC  ’MESA  80’  are  pres¬ 
ented. 

NOMENCLATURE 

L  Length  of  lowerhull 

f  Submergence  of  lowerhull 

D  Diameter  of  lowerhull 

5  Wetted  surface  area 

v  Displacement  volume  of  ship 

U  Velocity  of  fluid 

Fn  Froude  number 

g  Gravitational  acceleration  constant 

K„  Wave  number 

6  Direction  of  wave  propagation 

Rw  Wave  resistance 


Rr  Residual  resistance 

S(B)  Amplitude  function  of  sine  wave 

C(6)  Amplitude  function  of  cosine  wave 

p  Fluid  density 

m  Density  of  source  distribution 

p  Density  of  line  doublet  distribution 

M  Density  of  normal  doublet 

distribution 

V  Ship  speed 

1.  INTRODUCTION 

Many  attempts  to  develop  a  new  type  of 
marine  vehicle  have  been  made  to  break  the 
various  performance  limitations  imposed  by 
the  conventional  monohull  and  the  conven¬ 
tional  catamaran.  The  Semi-Submerged 
Catamaran  (SSC),  which  the  U.S.  Navy  calls 
SWATH,  is  one  of  such  high  performance 
advanced  vehicles,  and  has  two  lowerhulls 
which  account  for  a  major  part  of  the  dis¬ 
placement  below  the  water  level,  and  this 
submerged  part  and  the  deck  structure  are 
connected  with  streamlined  struts. 

As  well  as  the  extensive  researches  on 
this  type  of  vessel  carried  out  by  the  U.S. 
Navy  [13 , (2] , [3] , [4] , [5] ,  Mitsui  Engineering 
&  Shipbuilding  Co.,  Ltd.  to  which  the  au¬ 
thors  belong,  has  done  a  lot  of  developmental 
work  on  the  SSC  since  1970  [6] . 

Encouraged  by  the  satisfactory  per¬ 
formance  achieved  by  the  experimental  SSC 
’MARINE  ACE’  (Phote  1)  built  in  1977  which 
is  12  meters  long,  the  first  commercial 
SSC  prototype  ’MESA  80’  (Photo  2)  was  built 
in  1979  as  a  passenger  ship  carrying  446 
persons.  The  extensive  sea  trials  of  the 
’MESA  80*  in  1980  proved  the  high  perform¬ 
ance  of  the  SSC  and  the  great  potential  for 
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quired  so  as  to  attain  a  well-balancec  SSC 
design,  as  part  of  such  useful  design 
technology,  the  authors  have  developed 
a  mathematical  model  for  wave  resistance 
which  shows  a  good  agreement  with  the  model 
test  results.  This  mathematical  model  is 
presented  in  chapter  3.  Also  in  chapter  4, 
a  hull  form  design  procedure  for  minimizing 
wave  resistance  is  presented. 

Design  and  sea  trial  test  results  of 
the  'MESA  80*  are  briefly  presented  in 
chapter  5 . 


2.  FUNDAMENTAL  WAVE  RESISTANCE  CHARACTERS 


ICS  OF  HULL  ELEMENTS 


Photo.  1  'Marine  ACE' 


In  the  initial  design  stage  of  the  SSC, 
prior  to  deciding  hull  dimensions,  the  pre¬ 
liminary  design  work  for  selecting  basic 
hull  configurations,  hull  material,  propul¬ 
sion  system  and  machinery  arrangement,  etc. 


Photo.  2  'MESA  80' 

its  application  in  the  field  of  marine 
transportation  and  ocean  development. 

In  order  to  expand  the  SSC's  applica¬ 
tion  and  to  enhance  the  operational  economy 
of  the  SSC  much  more,  possible  reduction  of 
required  power  in  calm  water  will  be  re¬ 
quired  in  addition  to  the  high  performance 
in  waves  on  motion  and  speed  which  has  been 
already  proved  by  many  full  scale  test  re¬ 
sults.  As  the  wetted  surface  area  of  the 
SSC  is  almost  twice  as  much  as  the  murohull, 
which  results  in  some  penalty  from  fric¬ 
tional  resistance,  great  attention  in  the 
hull  form  design  of  the  SSC  must  be  paid 
to  reducing  wave  resistance  as  well  as  to 
attaining  high  propulsive  efficiency. 

Due  to  the  complicated  combinations  of 
hull  elements  of  the  SSC,  there  is  more  de¬ 
gree  of  freedom  in  hull  form  design  than  in 
that  of  a  monohull.  Therefore  it  is  of 
prime  importance  to  understand  the  funda¬ 
mental  wave  resistance  characteristics  of 
the  hull  elements.  Typical  experimental 
results,  varying  the  lowerhull  proportion 
and  it's  submergence  etc.,  are  presented  in 
chapter  2  of  this  paper. 

In  designing  the  hull  form  of  the  SSC 
taking  into  account  the  various  design  limi¬ 
tations  as  well  as  the  basic  design  require¬ 
ments,  design  synthesis  technology  is  re¬ 


shall  be  made  from  the  viewpoints  of  hull 
weight  and  cost  so  as  to  keep  the  overall 
performance  of  the  design  within  the  speci¬ 
fied  requirements  of  the  performance  such 
as  capacity  or  payload,  speed  and  motion. 

However,  due  to  not  only  lack  of  accu¬ 
mulated  design  data  for  the  SSC,  but  also 
the  sensitivity  of  the  hull  elements  such 
as  lowerhull,  strut  and  fins  on  the  SSC's 
performance,  the  hull  form  design  of  the 
SSC  seems  to  become  more  difficult  than  that 
of  a  conventional  ship.  Under  these  circu¬ 
mstances,  understanding  of  the  hydrodynamic 
characteristics  of  hull  elements  is  neces¬ 
sary  to  obtain  a  well-balanced  SSC  design. 

As  is  well  known,  the  SSC  has  about 
twice  the  wetted  surface  area  of  a  conven¬ 
tional  monohull  of  equal  displacement,  which 
results  in  some  penalty  in  the  total  resist¬ 
ance.  Accordingly,  design  considerations 
must  be  mainly  taken  care  of  realizing  the 
SSC  hull  form  with  minimum  wave  resistance. 

(1)  Lowerhull 

Series  model  tests  of  the  lowerhull  to 
investigate  the  characteristics  of  wave 
resistance  were  carried  out  at  Mitsui  Aki¬ 
shina  Laboratory,  changing  the  submergence 
to  diameter  ratio  f/D  and  the  length  to 
diameter  ratio  L/D  of  the  lowerhull.  Models 
were  manufactured  so  as  to  have  the  same 
sectional  area  curve  and  displacement,  and 
each  model  had  a  symmetrical  shape  length¬ 
wise  and  the  parallel  part  was  60  percent 
of  the  total  length.  The  wave  resistance  of 
the  lowerhull  was  obtained  by  subtracting 
the  total  resistance  measured  in  the  fully 
submerged  condition  where  the  wave  resistance 
is  very  close  to  zero  from  the  total  resist¬ 
ance  measured  at  a  given  submergence. 

Figure  1  shows  typical  results  of  the 
wave  resistance  of  the  lowerhulls  with 
different  f/D.  As  seen  from  this  figure, 
the  wave  resistance  coefficients  of  the  low¬ 
erhull  remarkably  change  by  Froude  number. 

As  the  f/D  of  the  lowerhull  decreases,  the 
coefficient  increases  over  the  whole  speed 
range,  specially  at  hump  speed.  In  Figure 
2,  the  wave  resistance  coefficient  denoted 
by  displacement  are  presented  for  different 


length  to  diameter  ratios  of  the  lowe’-hull. 
Tne  "effect  of  L/D  of  the  loverhull  or.  wave 
resistance  is  quite  different  between  higher 
speeds  over  Froude  Humber  0.4  and  the  speed 
range  below  that  Froude  number.  In  the  case 
of  a  high  speed  SSC,  therefore,  it  will  be 
desirable  to  have  a  larger  L/D  of  the  lower- 
hull  than  about  12. 


0.2  0.3  0.4  0.5  0.6  0.7 

Fn  «  V/JgL 


Fig.  1  Wave  Resistance  of  Loverhull 

(Effect  of  Lowerhull  Submergence) 
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Fig.  2  Wave  Resistance  of  Lowerhull 

(Effect  of  Length  to  Diameter  Ratio) 


(2)  Strut 

In  order  to  investigate  the  fundamental 
characteristics  of  the  strut  on  wave  resist¬ 
ance,  some  strut  models  were  tested  in  the 
towing  tank  of  Akishima  laboratory. 

Figure  3  shows  the  residual  resistance  of 
struts  with  different  thickness  to  length 
ratios  t/L.  Also  in  Figure  4,  the  effects 
of  strut  immersion  are  shown.  As  seen  in 
these  figures,  it  can  be  found  that  the 
strut  with  smaller  t/L  and  smaller  immersion 
will  be  more  favourable  in  the  speed  range 
over  Froude  number  0.4.  However,  the  magni¬ 
tude  of  the  wave  resistance  caused  by  the 
strut  is  much  smaller  than  that  of  the 
lowerhull  in  the  case  of  'MESA  80’. 
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Fig.  3  Residual  Resistance  of  Struts 
with  Different  t/L 
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Fig.  4  Residual  Resistance  of  Struts 

with  Different  Depth  (t/L=0.036) 


(3)  Twin  Hull 

As  well  as  the  wave  resistance  charac¬ 
teristics  of  both  lowerhull  and  strut,  it 
is  necessary  to  investigate  the  interaction 
effect  of  a  twin  hulled  SSC  for  the  hull 
form  design.  Figure  5  shows  the  estimated 
breakdown  of  the  wave  resistance  of  the 
•MESA  80*.  of  which  the  design  is  presented 
in  chapter  5.  The  Froude  number  at  the 
design  speed  is  about  0.7. 

It  can  be  found  from  this  figure  that 
the  wave  resistance  of  the  lowerhulls  is  the 
largest  among  other  components,  and  that  of 
the  struts  is  the  smallest  at  the  design 
Froude  number.  While,  the  magnitude  of  the 
wave  resistance  caused  by  the  strut-lower- 
hull  interaction  is  almost  the  same  as  that 
of  the  lowerhulls,  the  resistance  caused  by 
the  port-stbd.  interference  is  small  at  the 
design  speed,  since  there  is  hardly  any 
possibility  of  utilizing  the  interaction 
effect  well  for  the  SSC  designed  at  a  high 
Froude  mrsber,  it  becomes  more  essential  for 
such  an  SSC  to  make  both  lowerhull  and  strut 
as  slender  as  possible  to  reduce  wave  re¬ 
sistance. 
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Fig.  S-  Components  of  the  Calculated 
Wave  Resistance  of  *MESA  SO* 


3 -  MATHEMATICAL  MODEL  FOR  WAVE  RESISTANCE 


3.1  Theory 

A  let  of  sophisticated  theories  of 
wave  resistance  have  recently  been  develop¬ 
ed  for  conventional  ships.  However,  con¬ 
sidering  that  the  SSC  consists  of  a  pair 
of  deraihulls  with  such  smaller  beam-length 
ratio  than  that  of  a  conventional  ship,  the 
classical  thin  ship  theory  is  still  effec¬ 
tive  for  estimating  the  wave  resistance  of 
a  ship  with  a  slender  hull  fom  Use  the 
SSC  171.  [6j,  [93- 

The  mathematical  model  for  wave  resist¬ 
ance  describee  in  this  paper  is  based  on  the 
thin  ship  theory  applying  Hichell’s  source 
distribution  for  struts  and  tie  line  doublet 
distribution  for  lowerhulls-  A  coordinate 
system  (c.  x,  y,  z)  moving  with  the  ship  is 
set  up  on  the  demihull,  it.  which  the  x  axis 
is  positive  to  the  direction  of  motion .  Both 
struts  and  lowerhulls  are  assumed  to  be  sym¬ 
metric  about  their  centerplane  y  =  0. 

3.1.1  Strut 


Considering  that  the  strut  has  a  wall¬ 
sided  hull  surface,  the  hull  geometry  of 
the  strut  is  described  by 


Then  the  wave  resistance  coefficient 
Cw  =  Rw/l/2oU:L2  is  given  by 


Cws  =  2r  f'iSs'el+CjfCS)  }cos*SdS  , 
where  „ 

SsCB)  =  ^f-fmcxjdx jdzsec1?  expCKoZSec1 
*  sin(K0xsecS) , 

CsC3)  =  2*-/mCx)dx/dzsec,5exp(K0zsec2S 
'  cos{Kexsece>  . 

3.1.2  Lowerhull 


(3) 


6) 

(4) 

} 


Assuming  that  the  lowerhull  is  a  fully 
submerged  revoluticnal  body,  the  equivalent 
line  doublet  distribution  representing  the 
lowerhull  is  described  as  follows  by  using 
the  sectional  area  curve  of  lowerhull  ACx) . 

i--(x)  =  LA(x)  (5* 

These  line  doublets  are  placed  on  the 
centerline  of  lowerhull.  And  the  wave 
resistance  coefficient  is 

Cja  =  2t£T[S‘ (S)+Cg;63  >cos35d6  .  {6} 

where  „ 

Sr.  (3)  =  ja.fii(x)dxsec*eexp(K.zsecsS) 

•  cos{Kaxsec5)  , 

v  (?) 

Cs(33  =  -  (x)dxsec‘eexp(K„zscc* 63 

*  sin(Kexsec=)  . 

3.1.3  Twin  Hull 

The  wave  resistance  of  a  twin  hull  shi; 
can  be  obtained  by  Eqs.  14}  and  {73. 

Taking  the  distance  of  hull  separation  as 
2b,  the  total  wave  resistance  coefficient  i; 
described  by 


C-r  2=t.'{S‘Ct}+c!{3)>cos,»de  ,  C81 

where 

S'rl")  =  2Ss  l£}eOSit*2Sn{$}C0Stl  , 

CT  (9)  =  2Cs(v)cosw-2Ca(3)cose  ,  13} 

a  =  KcbseC:  isirC-  . 

Eg.  {8}  can  be  written  in  another  form, 

C--  =  2*/* 2CI+cos2t»)  {  [Ss(8)*€s{§!  1 
+  [S§Cfi)*C*?8)l 


y  =  +_£  lx) 


Cl) 


+2  [Ss  (SJS^,  -CS  illC.  C8) }  Id# 


The  source  distribution  mix)  equiva¬ 
lent  to  this  hull  fore  is  obtained  by  Eg. 
{2}  from  thin  ship  approximation. 


=  Cv (struts) +CW i lowerhulls) 
*€w{ interaction)  . 


(10) 


interference  effect  of  tne  twin  hull. 
3.1.4  Camber  Effect 


The  theory  mentioned  above  is  cased  on 
the  assumption  that  the  flow  around  the 
demihull  rs  symmetric.  However,  for  the 
twin  hulled  SSC,  it  may  be  easily  found  that 
the  demihull  will  actually  be  placed  in  a 
curved  flow  due  to  the  deformation  of  the 
flow  by  the  presence  of  another  demihull. 

In  order  to  reflect  this  phenomena  in 
the  theory,  it  must  be  considered  tnat  the 
symmetric  demihull  has  an  apparent  camber 
corresponding  to  the  effect  of  the  curved 
flow.  This  effective  camber  can  be  express¬ 
ed  theoretically  by  the  normal  doublet  dis¬ 
tribution  on  the  centerplana  of  each  demi¬ 
hull. 

A  strut  with  geometric  camber  is 
introduced  to  investigate  the  camber  effect 
on  wave  resistance.  Amplitude  functions  of 
the  wave  generated  by  the  thickness  of  the 
strut  are  given  by  Eq.  (4).  And,  denoting  the 
equivalent  doublet  distribution  to  the 
camber  as  M(x) ,  the  amplitude  functions  by 
camber  are 

Sc  ( 0)  =  |^-/M(x)dx/dzsecs0sin8 

x  exp(Kozsec20)  cos (K0xsec@) , 

K  ,  .  (ID 

Cc(6)  =  -  ^£-/M(x)dx/dzsecs0sin0 

x  exp(Kozsec20)  sin(Koxsec0)  . 

Then  the  wave  resistance  coefficient  of  the 
strut  is  given  by 

IT 

Cws  =  Tiff  {  [Ss(0)+Sc(0)  ]2  +[Cs(0)+Ccfft)  ]  2  } 

-f 

*  cos  30d0.  -.2) 

Where,  Ss(0)  and  Cs(0)  are  the  ever,  function 
of  0,  on  the  other  hand  Sc(0)  and  Cc(0)  be¬ 
come  the  odd  function  due  to  the  term  sin0 
in  the  Eq.  (11),  T-erefore,  the  wave  resis¬ 
tance  can  be  described  by 

£ 

Cws  =  2nfz{ [Ss(6)+Cs(0) ]  +  [Sc  (0) +C<5  ( 0) ] } 
x  cos30de 

=  Cw(tnickness) +Cw(camber)  .  (13) 

Eq.  (13)  indicates  that  the  thickness  and 
the  camber  of  the  strut  contribute  independ¬ 
ently  to  the  wave  resistance. 

For  the  struts  placed  in  parallel  |,  the 
wave  resistance  coefficient  is  given  by 

£ 

Cw  =  2ir/M2(l+cos2w)  [Ss  (0)  +ci  ( 0)  ] 

+2  (l-cos2co)  [Sc  (0)  +Cc  (0)  ] 
-4sin2w[Ss(O)Cs(0)+Cc(0)Sc(0) ] } 
x  cos3Od0 

=  Cw  ( thickness) +Cw  ('camber) 

+Cw (interaction)  .  (14) 


However ,  it  is  troublesome  work  to 
evaluate  the  density  of  doublet  distribution 
equivalent  to  the  effective  camber.  Also, 
the  camber  effect  appears  more  influentially 
in  the  magnitude  of  diverging  waves  than  in 
transverse  waves  due  to  the  term  sin  8  in 
Eq.  (11)  .  Therefore,  as  regards  the  wave  re¬ 
sistance,  this  camber  effect  is  not  very 
significant  as  compared  with  the  effect  of 
thickness  because  the  diverging  waves  con¬ 
tribute  much  less  effectively  to  the  wave 
resistance  than  the  transverse  waves.  For 
these  reasons  there  is  no  consideration  of 
the  camber  effect  in  the  mathematical  model. 

Nevertheless,  it  can  be  easily  expected 
that  the  properly  selected  geometric  cambf 
of  the  strut  may  cancel  the  camber  effect. , 
which  diminishes  the  last  two  terms  in 
Eq.  (14)  .  As  one  approach  to  obtain  the 
optimum  geometric  camber,  Pien  [10]  proposes 
the  rational  scheme  to  deform  each  demihull 
along  tne  streamline  generated  by  the  oppo¬ 
site  demihull. 

3 . 2  Validation  Study 

Theoretical  calculations  were  made  for 
a  typical  SSC  in  order  to  confirm  the  valid¬ 
ity  of  the  mathematical  model.  In  this 
calculation,  singularity  distributions  as 
shown  in  Eq.  (2)  and  (5)  are  expressed  in  a 
form  of  the  polynominal  function.  The  coef¬ 
ficients  of  the  function  are  decided  by  the 
least  square  method  from  input  data  of  the 
strut  offset  and  the  sectional  area  curve  of 
lowerhull.  Amplitude  functions  of  Eq. (4)  and 
(7)  are  analytically  calculated  for  each 
elementary  wave  angle  0 ,  then  the  wave  re¬ 
sistance  is  obtained  by  Eq.(8). 

Figure  6  shows  the  comparison  between 
the  calculated  and  the  measured  wave  resist¬ 
ance  coefficient  of  an  SSC.  The  calculated 
results,  on  the  whole,  seem  to  show  the  pos¬ 
sible  use  of  the  thin  ship  theory  to  estimate 
the  wave  resistance  of  an  SSC.  However,  as 
seen  in  the  figure,  the  difference  in  phase 
and  magnitude  will  not  be  desirable  for  ship 
designers.  TV s  may  cause  a  sericus  problem 
in  required  power  estimation. 


Fn  =  V//gL 

Fig.  6  Comparison  of  Wave  Resistance  of  an 
SSC  between  the  Measured  and  the  Calculated 
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where 


Ao  described  in  chapter  2,  the  wave 
resistance  by  the  lowerhull  has  a  fairly 
large  portion  of  the  total  wave  resistance . 
Therefore  it  becomes  of  prime  importance  to 
carefully  compare  the  calculated  wave  re¬ 
sistance  of  the  lowerhull  with  the  measured 
one/  in  order  to  obtain  good  agreement  be¬ 
tween  them. 

Figure  7  3hows  example  results  of 
lowerhull  series  tests  presented  in  chapter 
2,  associated  with  its  theoretical  results, 
and  there  is  still  a  little  disagreement 
both  in  phase  and  magnitude  between  the 
measured  and  the  calculated  values. 


Fn  «  V//  gt 


Fig.  7  Comparison  of  Wave  Resistance 

of  Lowerhull  between  the  Measured  and 
the  Calculated  without  Correction 


As  regards  these  problems  on  wave  re¬ 
sistance,  Inui  [11]  has  found  several  cor¬ 
rection  factors  for  the  displacement  ship 
due  to  precise  observation  of  the  wave  pat¬ 
tern  and  analytical  investigations.  These 
factors  are  corresponding  to  the  so-called 
sheltering  effect  and  the  viscous  effect. 
From  the  data  obtained,  the  authors  have 
found  that  the  phase  difference  could  be  ex¬ 
pressed  in  the  following  form  in  case  of 
the  SSC. 

K0L (measured)  =  K0L( calculated)  -  AK„L 

&K0L  =  F  (K0L,  f/D)  (15) 

where 

&KeL  s  phase  difference 

K0L  :  1/Fn2 

F  :  linear  combination 

Also,  the  authors  found  that,  instead 
of  the  geometric  centroid  of  the  lowerhull, 
the  equivalent  centroid  for  wave  making 
effect  should  be  adopted  into  calculation 
and  the  submergence  of  the  lowerhull  had 
to  be  reduced  by  the  factor  a  which  is  the 
function  of  f/D  to  get  more  precise  value 
in  magnitude.  The  equivalent  submergence 
5  is  expressed  by 

f  =  af,  (16) 


f  :  geometric  submergence 

Results  calculated  by  using  these  correc¬ 
tion  factors  are  shown  in  Figure  8.  The 
good  agreement  between  the  calculated  and 
the  measured  wave  resistance  suggests  that 
this  method  brings  a  better  prediction  of 
the  wave  resistance  of  the  SSC  and  by  which 
an  optimized  hull  form  will  be  developed. 


f/D  «  1.0  MEASURED 


Pig.  8  Comparison  of  Wave  Resistance 
of  Lowerhull  between  the  Measured 
and  the  Calculated  with  Correction 


4.  HULL  FORM  OPTIMIZATION  STUDY 

The  theoretical  design  procedure  to 
obtain  the  hull  form  with  minimum  wave 
resistance  has  been  achieved  by  many  hydro- 
dynamicists  for  the  conventional  ships,  but 
the  effort  is  very  limited  for  the  SSC  hull 
form  [12],  [13]. 

This  paper  presents  the  design  proce¬ 
dure  to  obtain  the  optimum  hull  form  of  the 
SSC  generated  from  combinations  of  a  source 
distribution  on  the  centerplace  of  strut  and 
a  line  doublet  distribution  of  the  center- 
line  of  lowerhull,  using  the  thin  ship 
theory . 

4.1  Singularity  System  and  Restrain 

Condition 

Singularities  composed  of  the  sources 
m(x)  and  the  line  doublets  u (x)  are  expressed 
by  the  polynomial  function  as  follows, 


mix) 

=  Jiaixi_1, 

(17) 

u(x) 

=  i  v1-1. 

(18) 

i  =  l  1 

As  the  singularity  distributions 
described  in  Eq.  (17)  and  (18)  represent  the 
'single  strut  per  hull'  configuration  without 
having  any  parallel  part  of  the  hull,  other 
singularity  distributions  are  also  introduced 
for  the  different  hull  configurations  such 
as  the  ’tandem  struts  per  hull’  configura¬ 
tion. 
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Restrain  conditions  for  the  principal 
particulars  and  hull  geometries  can  be 
expressed  in  the  following  forms. 


(1)  Displacement: 

N  , 

Vs  =  l  a.J/x  dxdz 
i=l 

M  ,  , 

VD  =  l  b  Jxl  Xdx 
i=l 


for  strut, 

(19) 

for  lowerhull. 


(2)  Midshipsection  area: 

AS  =  1^iai^xi-1dxdz 
M  ^ 

A°  =  i=lbiX(midship) 

(3)  Waterplane  area: 


for  strut, 

(20) 

for  lowerhull. 


N 


Aw  =  l  a,  Jx^x 
i  =  l 


for  strut.  (21) 
Other  constraints  can  be  written  in  the  same 


4.2  Optimization  Scheme 

Then  the  wave  resistance  can  be  written 
as  follows  from  the  equations  (4) ,  (7) ,  (17) 
and  (18). 

N  N  N  M 

C»=  I  I  aiaiIii+2  l  l  aibiIIij 

i«lj=l  J  3  i-1  j  =1  1  3 

M  M 

+  l  l  b.b  III  (22) 

1=1  j=l  3  3 

where  tt 

lij  =  2ir/7{Si(6)Sj(e)+Ci(6)Cj(0)}cos5e 

x  (l+cos2w)d0  , 

S± (0)  =  ^“-/x3-  I'dx/dzsec30exp(KozsecJ0) 


(23) 


x  sin  (Koxsec0) , 

Ci(0)  =  ^fx3,  ^dx/dzsec30exp(Kozsecz0) 
x  cos (Koxsec0) . 


N  N 

*-  l  l 

i  = 


and  II -  j ,  IlX^j  are  given  by  the  same  way. 

Then  the  optimization  functional  ip  is 
written  by, 

N  N  M 

=lj**l  1  J  ij  i=l j=l  1  3 
MM  K  N 

where 

X  :  Lagrange  multipliers, 
r  :  restrain  conditions  such  as  Vs,  VD 
and  Pilc,  Qjt  are  given  by  Eq.  (19)  ,  (20)  , 
(21)  . 


From  the  following  variational  principle 


(25) 


the  Lagrange  optimization  equation  can  be 
expressed  in  the  form, 


A  X  =  B  , 


(26) 


where  A  is  the  symmetric  matrix. 


A  = 


2INN 

211 


MN 


2IINM 

2III 


NK 


MM  0  °ML 


’  KN 


LM 


(27) 


and  B  is  the  column  matrix  defining  the 
restrain  conditions, 


B  =  (0,  ...  0 , V3,As,Aw, . . , Vd ,Ad ,  ...)(28) 


The  solution  of  the  simultaneous  equation 
(26)  gives  the  optimum  coefficients  of  sin¬ 
gularity  distributions. 

4 . 3  Numerical  Examples 

The  computer  program  for  the  hull  form 
optimization  of  the  SSC  was  developed  by  the 
authors  based  on  the  abovementioned  theory. 
This  optimization  program  is  available  for 
the  various  hull  combinations  as  well  as  for 
the  hull  element. 

Numerical  examples  are  illustrated 
graphically.  Figure  9  shows  the  optimized 
sectiona.  area  curves  of  the  lowerhull  with 
f/L  =0.08  and  the  equal  displacement  for 
different  midshipsection  area  Ae  at  Fn  = 
0.32. 


Fig.  9  Optimized  Lowerhull  for 
Different  Aa/L5 
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It  can  be  seen  from  the  calculated  wave  re¬ 
sistance  shown  in  this  figure  that  the  case 
of  Ab/L2=  0.008  gives  the  minimum  wa.’e  re¬ 
sistance  and  the  optimum  prismatic  coeffi¬ 
cient. 

Figure  10  shows  the  optimized  hull 
form  of  the  lowerhull  with  f/L  =  0.1  for 
different  Froude  number  under  the  combina¬ 
tion  of  the  given  strut  as  shown  in  the 
figure.  With  the  increase  of  design  speed, 
the  end  shape  of  the  lowerhull  tends  to  have 
larger  bluntness  and  the  midshipsection 
area  of  the  lowerhull  becomes  smaller.  The 
wave  resistance  coefficients  for  these 
optimized  configurations  are  shown  in  Figure 
11. 


GIVEN  STRUT 


OPTIMIZED  AT  Fn  -  0.36 


OPTIMIZED  AT  Fn  -  0.32 


OPTIMIZED  AT  Fn  »  0.27 

Fig.  10  Optimized  Lowerhull  with  Given 

Strut  for  Different  Froude  Number 


Sometimes,  an  optimized  but  unpractical 
hull  form  of  the  lowerhull  is  obtained  at 
the  higher  Froude  number  than  0.4.  In  such 
a  case,  necessary  restrain  conditions  for 
obtaining  the  practical  hull  form  must  be 
introduced  into  the  calculation.  Also,  in 
designing  the  practical  hull  form,  the  aft- 
body  shape  of  the  lowerhull  shall  be  modi¬ 
fied  from  a  viewpoint  of  the  propulsive  per¬ 
formance  . 


5.  DESIGN  AND  SEA  TRIAL  RESULTS  OF  THE 
'MESA  80 1 

5.1  Design 

The  first  commercial  prototype  SSC 
'MESA  80'  being  capable  of  carrying  440 
passengers  was  designed  at  her  service  speed 
of  23  knots  and  required  to  be  stably  serv¬ 
iceable  even  in  rough  seas  with  the  signi¬ 
ficant  wave  height  up  to  3.5  meters.  Under 
the  basic  design  requirement  briefly  men¬ 
tioned  above,  a  lot  of  preliminary  designs 
were  compared  in  the  early  design  stage, 
changing  hull  configuration,  hull  material 
and  propulsion  system,  etc.  to  attain  the 
reasonable  SSC  design. 

Then,  the  anti -corrosive  aluminum 
alloy  was  chosen  as  hull  material  so  as  to 
reduce  the  structural  weight.  Although  a 
gas  turbine  was  considered  as  the  prime 
mover,  the  diesel  engine  with  light  weight 
was  selected  because  of  its  cheaper  operat¬ 
ing  and  maintenance  cost  in  spite  of  its 
heavier  weight  and  larger  size  than  that  of 
a  gas  turbine. 

Since  the  main  engines  were  located  on 
the  second  deck,  the  newly  developed  power 
transmission  system  of  so-called  Z-drive 
type  was  adopted,  which  has  higher  trans¬ 
mission  efficiency  and  reliability  than  the 
other  transmission  systems  considered.  As 
regards  the  hull  configuration,  the  'single 
strut  per  hull'  was  considered  to  be  more 
favourable  than  the  'tandem  struts  per  hull' 
from  the  viewpoints  of  space  availability, 
stability  and  speed. 


'tt^l’*103  j 

- OPTIMIZED  AT  Fn  -  0.36  / 

- OPTIMIZED  AT  Fn  =  0.32  ■ 

- OPTIMIZED  AT  Pn  -  0.27 / 


Fn  *=  V//gL 

Fig.  11  Wave  Resistance  of  Optimized 
Lowerhull  (Shown  in  Fig.  10) 


Table  1  Principal  particulars 
of  ’MESA  80' 


Length  overall 
Length  b.p. 

Breadth  (mid.).  Max. 

Depth  (mid.) 

Design  draft  (mid.) 

Maximum  design  draft  (mid.) 


about  35.9  m 
31.50  m 
17.10  m 
5.845  m 
3.15  m 
3.65  m 


Passenger  capacity  (all  seated)  446  persons 
Crew  complement  7  persons 

Maximum  speed  at  design  draft  27.1  knots 
Main  engine:  Fuji-S.E.M.T.  marine-diesel 
Max. continuous  output: 

4,050  PS/1,475  rpm  2  sets 
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Fig.  12  General  Arrangement  Plan  of 
‘MESA  80' 


After  the  candidate  design  with  its 
displacement  of  about  370  tons  was  selected, 
detailed  parametric  studies  on  hull  dimen¬ 
sions  were  carried  out,  and  the  final  design 
was  decided.  Principal  particulars  and  the 
general  arrangement  plan  of  the  'MESA  80' 
are  shown  in  Table  1  and  Figure  12  respec¬ 
tively. 

In  deciding  the  hull  dimensions  of  the 
'MESA  80' ,  a  lot  of  design  trade-off  studies 
were  made.  As  a  result,  the  proportion  of 
the  lowerhull  and  its  submergence  were 
finally  set  L/De  of  12.1  and  f/De  of  0.99 
for  the  maximum  design  draft,  where  De  means 
the  equivalent  diameter  of  the  lowerhull. 

The  lowerhull  with  large  L/D  ratio  was  not 
adopted  because  of  its  weight  increase,  al¬ 
though  only  a  little  gain  in  resistance  was 
obtained  as  compared  with  the  lowerhull 
adopted  in  the  'MESA  80'.  Selection  of  the 
submergence  of  the  lowerhull  was  restricted 
by  the  maximum  draft  of  3.8  meters,  desir¬ 
ably  3.65  meters.  Also  the  elliptical  cross 
section  of  the  lowerhull  was  considered  to 
be  more  favourable  than  the  circular  cross 
section  because  of  the  greater  f/D,  easiness 
for  the  reduction  gear  arrangement  and  the 
larger  damping  force  of  motion. 

The  amount  of  the  waterplane  area  and 
the  distance  between  demihulls  were  decided 
mainly  from  the  motion  performance  and  the 
requirements  on  stability.  These  dimensions 
were  selected  so  as  to  have  enough  large 
natural  period  of  motion  except  heaving  to 
avoid  motion  resonance  for  the  design  wave 
with  its  period  of  about  6  seconds. 


The  designed  natural  periods  of  motion  of  the 
'MESA  80’  are  shown  in  Table  2.  Despite  of 
a  short  natural  period  of  the  heaving  motion, 
the  acceptably  small  amplitude  even  in  the 
resonant  waves  was  confirmed  in  the  model 
tests  because  of  increasing  the  motion  damp¬ 
ing  forces  by  fins  and  the  lowerhull  with 
elliptical  cross  sections. 


Table  2  Natural  Periods  of  Motion 
of  'MESA  80*  at  Maximum 
Design  Draft 


Heave 

Pitch 

Roll 

T(sec) 

6.2 

9.5 

10.9 

5.2  Typical  Results  of  Sea  Trial  Tests 

From  September  1979,  the  extensive  sea 
trials  of  the  'MESA  80'  were  conducted  to 
confirm  the  full  scale  performance  and  to 
evaluate  the  theoretical  and/or  model  predic¬ 
tions.  Especially,  the  propulsion  tests  and 
the  seakeeping  tests  which  evidently  reflect 
the  effort  of  the  hull  form  design,  were  ex¬ 
tensively  carried  out  several  times  at  the 
different  sea  conditions.  During  these  test 
period,  the  highest  significant  wave  meas¬ 
ured  by  the  wave-rider  buoy  was  2.6  meters 


and  also  the  wave  height  of  about  3  meters 
in  significant  value  was  visually  observed 
in  another  test. 

The  speed  tests  in  the  calm  sea  condi¬ 
tion  were  conducted  by  use  of  the  mile-post 
in  Tokyo  Bay,  changing  ship's  draft,  trim 
and  engine  load.  The  maximum  speed  attained 
at  the  design  draft  was  27.1  knots.  This 
result  showed  the  good  agreement  with  the 
predicted  speed  from  the  model  propulsion 
tests.  While,  the  speed  in  waves  was  meas¬ 
ured  on  the  maximum  design  draft  by  using 
the  electro-magnetic  type  log.  Figure  13 
shows  the  measured  speeds  at  service  power 
for  different  sea  conditions.  Also  in  the 
figure,  the  measured  speed  are  compared  with 
the  speed  in  the  calm  sea  condition  in  a 
form  of  the  ratio.  It  can  be  found  from 
this  figure  that  the  speed  loss  of  the  'MESA 
80'  even  in  high  Sea  State  4  is  only  less 
than  2  percents,  which  is  much  smaller  than 
predicted. 
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SEA  STATE 


It  was  predicted  in  advance  from  the 
model  test  results  that  the  large  secondary 
humo  of  the  wave  resistance  coefficient  of 
the  'MESA  80'  as  seen  in  Figure  5,  would 
cause  the  unstableness  in  the  speed-power 
relation.  Therefore,  the  speed  measurements 
in  the  low  speed  region  from  10  knots  to  13 
knots  were  carefully  carried  out.  The  re¬ 
sults  of  these  tests  are  shown  in  Fiyure  14 
associated  with  the  predicted  curve  from  the 
model  tests.  Although  it  is  a  minor  problem 
in  the  case  of  the  'MESA  80'  because  of  her 
sufficient  engine  power  to  get  over  such  un¬ 
stable  speed  region,  careful  attention  must 
be  paid  for  the  hull  form  design  of  the  SSC 
with  design  Froude  number  up  to  0.4. 

The  seakeeping  tests  were  also  carried 
out  extensively,  changing  the  ship's  speed 
and  the  ship's  heading  to  the  wave.  Typical 
results  of  the  measurements  in  the  sea  of 
2.4  meters'  significant  wave  height  are 
shown  in  Figure  15.  The  automatically  con¬ 
trolled  fins  were  used  in  the  tests.  Figure 
15  shows  the  pitching  response  (single  sig¬ 
nificant  amplitude)  for  different  heading 
angles.  As  can  be  seen  in  the  figure, 
pitching  angle  is  less  than  1  degree  for 
all  headings. 


SEA  STATE  :  4-5 

SIGNIFICANT 

WAVE  HEIGHT  :  2.4  m 


Fig.  13  Speed  in  Waves  of  'MESA  80’ 


C  FUl.l.  SCAI.E  TR I AL  (M 1  LF.-POST ) 
•  (EI.ECTRO-HAGNF.TIC  LOG) 

-  PREDICTED  FROM  MODEL  TESTS 


Fig.  14  Speed-Power  Relation  of 

'MESA  80*  in  Low  Speed  Region 


WAVE  DIRECTION 


Fig.  15  Pitching  Amplitude  of  'MESA  80' 


The  sea  trial  results  of  the  'MESA  80' 
briefly  presented  above  have  shown  fairly 
good  agreement  with  the  predicted  results 
from  the  theoretical  calculation  and  the 
model  tests.  Also,  the  data  obtained  by 
these  full  scale  tests  gave  a  lot  of  use¬ 
ful  information  towards  establishing  the 
technology  for  future  SSCs. 

6 .  CONCLUDING  REMARKS 

Owing  to  the  efforts  on  SWATH  by  the  U.S. 
Navy  as  well  as  our  developmental  work  on 
the  SSC,  recognition  of  the  SSC  is  now 
gradually  spreading  in  the  field  of  marine 
transportation  and  ocean  development. 

Although  it  was  the  most  essential 
outcome  to  confirm  her  various  advantageous 
performance  in  actual  seas  at  the  develop¬ 
mental  stage  of  the  SSC,  the  design  tech¬ 
nologies  for  the  hull  form  optimization  is 
nowadays  being  required. 
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In  the  paper  presented  here,  a  theore¬ 
tical  approach  for  minimizing  the  wave 
resistance  of  the  SSC  has  been  made  based 
on  the  thin  ship  theory  with  some  correction 
factors,  and  it  has  been  found  that  the 
mathematical  model  newly  developed  was  prac¬ 
tically  quite  useful  in  designing  the  opti¬ 
mum  hull  form  of  the  SSC. 

Finally  in  order  to  expand  SSC  applica¬ 
tions,  it  will  be  necessary  to  establish  the 
design  synthesis  technology  to  obtain  a 
highly  economical  SSC. 
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Catamaran  Hull-Form 


Discussion 


C.  Kennell  < Naval  Sea  System  Commana) 


The  Semi -Submerged  Catamaran  is  a 
promising  displacement  ship  concept  that 
allows  the  naval  architect  new  freedom  to 
design  more  efficient  ships  to  challenge 
the  worlds  oceans.  Mitsui  Engineering  and 
Shipbuilding  has  been  advancing  jur  under¬ 
standing  of  this  new  technology  in  a  most 
impressive  manner.  This  paper  marks  yet 
another  significant  achievement  in  this 
difficult  effort.  I  would  like  to  congrat¬ 
ulate  the  authors  on  their  interesting  and 
thought  provoking  paper.  There  are  a  few 
questions  1  would  like  to  ask  the  authors 
to  better  appreciate  their  fine  work. 

The  curves  for  lower  hull  wave  drag 
in  Figure  1  were  derived  by  subtracting 
the  total  resistance  at  deep  submergence 
from  the  resistance  at  shallow  submergence. 
I  would  like  to  know  how  deep  the  deep 
submergence  was  and  how  the  effects  of 
model  supports  were  treated. 

Figure  4  presents  strut  residual  re¬ 
sistance  curves  for  two  submergence  depths 
(10%  &  15%  of  strut  length) .  My  design 

experience  has  convinced  me  that  submer¬ 
gence  depths  of  about  5%  of  strut  length 
are  best.  In  addition,  Mitsui's  MESA  80 
has  a  submergence  depth  under  5%.  I  would 
like  to  hear  the  authors'  opinions  on  the 
effect  of  these  much  smaller  submergence 
depths.  Also,  I  would  like  to  know  how 
strut  end  effects  were  treated.  Figure  6 
shows  excellent  correlation  between  meas¬ 
ured  residual  resistance  and  calculated 
wavemaking  resistance  for  a  SSC.  Compari¬ 
sons  I  made  in  1973  with  model  test  data 
for  several  hull  forms  showed  similar 
agreement  in  curve  shape,  but,  the  dif¬ 
ference  between  theory  and  experiment 
varied  foi  the  different  cases.  I  finally 
concluded  that  a  correlation  factor 
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0.0005 


was  a  good  value  to  add  to  wavemaking  re¬ 
sistance  for  design  estimates.  This  seems 
to  be  roughly  in  agreement  with  the  au¬ 
thors'  data.  I  would  like  to  know  if  the 
authors  have  made  such  comparisons  for 
other  configurations  (particularly  tandem 
strut  forms) .  If  so,  is  the  correlation 
similar  ? 

My  approach  to  hull  form  optimization 
is  to  treat  the  problem  as  a  total  ship 
design  rather  than  a  resistance  optimiza¬ 
tion  problem.  As  a  result,  realistic 
limitations  imposed  by  machinery  arrange¬ 
ment,  intact  and  damaged  stability,  struc¬ 
tural  design,  and  access  requirements  must 
be  observed.  Nevertheless,  my  conclusions 
appear  to  be  in  completement  agreement 


with  those  of  the  authors'  as  shown  in 
Figures  9  6  10.  For  Froude  Number  greater 
than  0.4,  the  most  important  consideration 
in  wave  resistance  is  "thinness"  (ie  low 
hull  diameter  and  low  strut  thickness) . 

At  lower  speeds,  "slenderness"  is  most 
important  (ie  low  hull  prismatic  coeffi¬ 
cient 


low  waterplane  area  coefficient 
Cwp  =  W.P.  Area/tniyL  ) 

This  later  conclusion  should  not  surprise 
devoted  readers  of  old  naval  architecture 
bocks  which  refer  to  the  wave  drag  hump  at 
Fn- =  0.3  as  the  "prismatic  hump".  I  would 
like  to  ask  the  authors  if  they  have  done 
similar  optimization  studies  for  tandem 
strut  forms  ? 

While  the  quality  of  SSC  technology 
being  developed  by  Mitsui  is  evident  from 
this  paper,  the  true  value  of  Mitsui's 
effort  can  best  be  appreciated  by  observing 
their  ship  MESA  80.  I  am  extremely  grateful 
to  Mitsui  for  allowing  me  to  inspect  MESA 
80  while  underway  last  week.  This  high 
speed  ship  is  indeed  impressive.  Although 
the  waves  or.  Tokyo  Bay  were  small  during  my 
voyage,  data  I  have  seen  and  movies  showing 
MESA  80  traveling  at  high  speeds  in  a  state 
5  seaway  show  that  the  Semi-Submerged  Cat¬ 
amaran  concept  works  in  a  most  impressive 
manner.  Mitsui  Engineering  and  Shipbuild¬ 
ing  and  the  authors  are  to  be  congratulated 
fer  their  significant  achievements. 


C.M.  Lee  (DTNSRDC) 

The  authors  presented  a  procedure  how 
to  optimize  the  hull  form  for  semi-submerged 
catamarans  based  on  wave  resistance  reduc¬ 
tion.  As  is  well  known,  the  semi-submerged 
twin-hull  concept  has  evolved  mainly  due 
to  its  advantages  on  seakeeping  qualities. 
Thus,  any  optimum-hull  design  for  SSC 
should  pay  an  equal  attention,  at  least,  to 
the  seakeeping  performance. 

It  appears  that  MESA  80  is  a  fairly 
successful  design  in  the  viewpoint  of  both 
resistance  and  seakeeping  performance.  I 
would  like  to  know  how  the  seakeeping  as¬ 
pects  of  that  ship  was  reflected  in  the 
hull  design  procedure. 

At  DTNSRDC,  an  optimum  hull  design 
methodology  based  on  both  resistance  and 
seakeeping  has  been  sought,  and  I  would 
say,  a  certain  degree  of  success  has  been 
achieved.  As  ?  part  of  this  effort,  a 
simplified  prediction  of  motion  in  waves 
has  been  developed  by  using  approximate 
means  of  obtaining  the  added  mass,  damping, 
and  wave  excited  coefficients.  The  com¬ 
putation  time  for  motion  has  been  signifi¬ 
cantly  reduced,  which  allows  a  more  effec¬ 
tive  iterations  necessary  in  the  hull 


design. 

I  would  like  to  end  my  discussion  with 
a  sincere  congratulation  to  the  authors  for 
their  valuable  and  successful  worx. 


H.  Tanaka  (Sflo 


1  congratulate  the  authors  on  their 
fine  works  and  have  great  respect  for  many 
efforts  in  the  long  time.  My  simple  asking 
is  concerned  with  the  principle  of  linearity 
in  a  resultant  v-'ave.  The  authors  prediction 
method  of  the  wave  resistance,  essentially 
depends  on  the  linear  combination  of  waves 
due  to  hull  elements.  Unlike  conventional 
ship  hull  forms,  complicated  hull  forms  in 
a  semi-submerged  catamaran  (ssc)  seems  to 
be  difficult  to  realize  the  linearity  in 
the  synthesis  of  the  ship  waves.  I  can 
imagine  that  the  linearity  is  spoiled  by 
characteristics  of  a  submerged  body  with 
shallow  submergence  which  generates  a  couple 
of  vortices  as  a  trailing  vortex  of  a  wing. 
Furthermore,  concerning  high  speed  catama¬ 
rans,  the  interaction  of  ship  waves  between 
both  demi-hulls  are  left  unsolved. 

Studying  their  paper,  I  hardly  confirm 
about  realization  of  the  linearity  because 
none  of  wave  patterns  or  wave  spectra  were 
shown  in  this  paper.  For  the  optimization 
of  special  hull  forms  such  as  ssc’s,  check¬ 
ing  on  realization  of  the  linearity  plays 
important  role  at  the  beginning  cf  studies. 

1  would  like  to  have  their  experiences  or 
opinions  on  this  problem. 


H.  Maruo  (Yokohama  N  Uniy ) 


Extensive  investigations  into  semi- 
submerged  hulls  have  been  carried  out  by 
Ishii  and  a  synthetical  report  of  the  inves¬ 
tigation  was  submitted  to  Osaka  University 
as  a  thesis  in  1967.  Several  results  of 
this  study  have  been  published  partly  in 
other  publications  from  time  to  time.  The 
research  involves  a  thorough  examination  of 
the  condition  of  optimal  hull  configuration, 
and  feasibility  study  of  the  semi-submerged 
hulls  including  catamarans  in  the  practical 
operation  from  the  point  of  view  of  design 
practice.  The  principle  of  the  interference 
between  waves  generated  by  the  underwater 
main  hull  and  those  by  the  surface  piercing 
strut  is  fully  exploited  to  minimize  the 
wave  resiscance,  and  model  tests  have  proved 
successfully  the  validity  of  the  theoretical 
assessment.  From  the  theoretical  point  of 
view,  the  optimization  of  the  semi-submerged 
hull  form  car.  be  attained  only  by  taking 
advantage  of  the  above  principle,  and  the 
method  described  in  the  present  paper  can 
never  realize  the  true  optimization.  The 
investigation  includes  also  a  study  of  the 
effect  of  mutual  interference  between  each 
demihull  of  a  catamaran  and  the  optimal 
condition  on  the  spacing  between  demihulls 


is  fully  examined. 

On  comparing  with  the  above  mentioned 
investigations,  the  result  described  in  the 
present  paper  seems  to  be  far  less  exten¬ 
sive  and  less  complete.  Nevertheless  the 
present  authors  have  not  given  any  refer¬ 
ence  to  the  above  achievements.  I  wish  to 
ask  if  the  authors  do  not  have  any  knowl¬ 
edge  about  the  above  investigations  at  all, 
or  have  ignored  them  intentionally  by  some 
other  reasons. 


C.C.  Hsueh  (“uaznong  Inst  ot  Teen ; 


I'm  glad  to  hear  the  theoretical  ap¬ 
proach  for  minimizing  the  wave  resistance 
of  the  SSC,  because  I  am  investigating  a 
method  of  minimizing  the  wave  resistance 
with  the  shipfortn  as  follows  (Ref.l)). 

A  new  shipform  of  flat  bow  and  cochlea- 
channeld  stern  is  described  whose  excellent 
performance  is  compared  with  those  of  con¬ 
ventional  shipforms  and  the  fundamental 
principles  are  tentatively  explained.  The 
effect  of  the  bow  and  stern  on  ship  per¬ 
formance  and  some  abnormal  phenomena  ob¬ 
served  during  the  investigation  are  dis¬ 
cussed. 

Comparative  tests  on  the  ship  models 
show  that  when  (£)  =  2.8  -v  7.7,  the  resis¬ 
tance  of  the  new  ship  is  decreased  by  25  ^ 
40%,  the  wave  height  from  the  bow  is  de¬ 
creased  by  60%,  propulsive  efficiency  is 
increased  by  35  "v  45%  and  horsepower  of  the 
engine  can  be  saved  in  the  amount  of  35  ■v 
45%. 

The  first  full-scale  ship’s  trial  trip 
has  also  been  discussed. 

The  facts  that  the  design  of  the  con¬ 
ventional  ship  is  finalized  and  that  thi., 
type  of  ship  is  still  being  built  make  it 
appropriate  to  be  chosen  as  a  typical  ship- 
form  for  comparison. 

Let  me  summarize  as  follows: 

(1)  In  spite  of  the  fact  that  the  coch- 
leachannels  have  given  the  new  ship  added 
resistance  and  the  wetted  surface  is  also 
rather  large,  this  shipform  still  has  fairly 
low  total  resistance  for  medium  and  high 
speed  ships  because  it  can  considerably  re¬ 
duce  residual  resistance. 

(2)  The  new  ship  has  relatively  large 
wake  fraction,  small  thrust  deduction  frac¬ 
tion,  3nd  reduce  energy  loss  of  the  rotat¬ 
ing  race,  thus  possessing  better  than  aver¬ 
age  propulsive  coefficient. 

(3)  The  new  ship  is  a  promising  inland 
river  new  shipform  because  it  has  good  wave- 
dissipating  capacity,  appreciable  increase 
in  speed,  evident  improvement  on  stability, 
manoeuvrability  and  anti-flooding. 

(4)  Such  questions  as  the  resistance, 
propulsion  factors  and  slamming  of  new  ship 
are  to  be  studied  turther. 
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Author’s  Reply 


Y.  Kunitake  (Mitsui  E&S) 


The  authors  are  extremely  grateful 
for  valuable  discussions  on  the  paper  which 
describes  a  hull  form  design  method  of  the 
SSC  and  the  design  procedure  of  the  MESA  80 
as  well  as  her  trial  results. 

Unlike  a  conventional  mo.iohull  ship, 
the  SSC  has  so  complicated  hull  form  that 
the  change  of  a  design  parameter  of  the  SSC 
influences  on  various  ship  performance  much 
more  sensitively  than  the  conventional  ships. 
Therefore,  careful  design  synthesis  has  to 
be  conducted  for  hull  form  optimization 
from  the  view  point  of  the  total  ship 
design  on  which  Mr.  Kennell  mentioned  in 
his  discussion. 

Also,  the  remarks  of  Dr.  Lee  on  sea¬ 
keeping  performance  in  the  SSC  design  work 
are  quite  agreeable  with  the  authors. 

The  authors  should  say  that  great  attention 
for  seakeeping  of  the  MESA  80  as  well  as 
for  wave  resistance  was  paid  in  selecting 
the  sectional  3bape  of  the  lowerhull, 
amount  of  the  waterplane  area  and  distance 
between  demihulls,  etc. 

The  authors  are  very  pleased  to  answer 
Mr.  Kennell 's  questions  which  make  the 
author's  paper  more  precise  and  understand¬ 
able.  As  to  his  question  on  Figures  164 
of  the  paper,  the  authors  should  say  that 
the  submergence  depth  of  lowerhull  in 
fully  submerged  condition  was  four  times  of 
diameter  of  the  lowerhull,  and  the  differ¬ 
ence  of  resistance  between  the  model  sup¬ 
ports  with  different  depth  was  eliminated 
by  using  the  calculated  frictional  resis¬ 


tance  of  each  model  support.  In  the  resis¬ 
tance  tests  of  struts,  no  special  consid¬ 
eration  was  paid  for  strut  end  effects. 

Regarding  Mr.  Kennell' s  contribution 
on  the  optimal  depth  of  strut,  the  authors 
should  say  that  the  submergence  depth  of 
strut  at  design  draft  condition  has  to  be 
decided  so  as  to  minimize  the  total  resis¬ 
tance,  and  the  strut  depth  should  be  mini¬ 
mized  in  the  high  Froude  number  region  where 
the  wave  resistance  of  lowerhull  may  be 
fairly  small  as  compared  with  the  total 
resistance. 

Since  researches  on  the  SSC's  hull 
form  by  the  authors  have  been  carried  out 
mostly  for  the  'single  strut  per  hull' 
cc" figuration,  the  authors  have  not  yet 
enough  informations  for  hull  form  optimiza¬ 
tion  of  the  'tandem  strut  per  hull'  configu¬ 
ration.  However,  the  authors  would  like  to 
agree  with  Mr.  Kennell' s  suggestion  on  the 
hull  form  parameters  which  strongly  influ¬ 
ence  to  wave  resistance  reduction. 

As  Dr.  Tanaka  points  out  in  his  dis¬ 
cussion,  it  seems  to  be  very  important  to 
consider  precisely  the  actual  hydrodynamic 
phenomena  of  waves  generated  by  hull  ele¬ 
ments  of  SSC  into  the  mathematical  model 
for  better  prediction  of  wave  resistance. 

It  is  observed  in  the  model  tank  tests  of 
the  SSC  that  the  waves  inside  the  both 
demihulls  show  complicated  behavior 
which  suggests  the  presence  of  the  non¬ 
linearity.  Although  the  measured  wave 
resistance  shows  a  fairly  good  agreement 
with  the  calculated  value  by  the  mathemat¬ 
ical  model  presented  here,  which  is  based 
on  the  assumption  of  the  linear  combination 
of  the  waves,  the  authors  will  intend  to 
refine  further  our  mathematical  model  so 
that  the  actual  phenomena  can  be  more  ex¬ 
actly  described. 

In  reply  to  Prof.  Maruo,  the  authors 
should  say  that  the  interference  effects 
of  the  hull  element  on  the  wave  resistance 
are  fully  included  in  the  optimization 
described  in  the  paper,  and  Dr.  Ishii's 
work  will  be  kept  in  mind  for  future  work 
on  this  problem. 

Prof.  C.C.  Hsueh’s  contribution  is 
also  welcomed. 


Theoretical  and  Experimental  Investigations 
of  Non-Equilibrium  Jet  of 
Air  Cushion  Vehicles 

Tao  Ma,  Wei-Lin  Zhou  and  Xiong  Qu 
Snanghai  Ship  Design  and  Research  institute 
Shanghai.  China 


ABSTRACT 


Mathematical  models  of  two  types  of 
cushion  conf igration ,  i.e.  wall  jet  and 
plenum  chamber,  are  established  for  bag-fin¬ 
ger  skirt  system  under  equilibrium,  overfed 
and  underfed  operating  conditions.  The  wall 
jet  theory  is  based  on  turbulent  jet  theory 
and  boundary  layer  theory  for  the  part  of 
wall  jet,  and  on  momentum  equation  for  the 
part  of  jet  curtain,  similar  relationships 
are  set  up  for  plenum  chamber  theory  accor¬ 
ding  to  Bernoulli's  equations,  thus  yielding 
general  theoretical  expressions  for  bag-fin¬ 
ger  skirt  systems.  Agreement  between  theory 
and  test  results  is  verified  through  non¬ 
equilibrium  jet  test  performed  in  a  skirt 
test  rig.  The  present  theoretical  formulae 
are  applicable  to  the  determination  of  gene¬ 
ral  hovering  parameters  and  the  prediction 
of  such  motion  characteristics  as  stability 
and  seakeeping  quality. 

NOMENCLATURE 


X.Y. - wall  jet  coordinates.  X  is  along¬ 

side  the  wall  and  V  is  perpendi¬ 
cular  to  the  wall. 

Xo  - distance  from  jet  core  to  jet 

exit. 


°  — — boundary  layer  thickness . 

°  - momentum  loss  thickness. 

k  - jet  mixing  layer  thickness. 

bi  - coordinate  of  escape  flow  boun¬ 

dary  streamline. 

non-dimensional  boundary 
streamline  coordinate  in 
boundary  layer  and  jet  mixing 
$  0/  layer  respectively. 

- integral  functions  defined 

by  equations  (15)  (17) . 


- jet  thickness. 

- finger  length. 

- hover  height 

- finger  inclination. 

v  - motion  viscous  coefficient, 

9  —air  density. 

T  — wall  tangential  stress. 

P  — pressure . 
ft  — flow  rate. 

***  — jet  momentum. 

N  — hovering  power. 

T  — non-equilibrium  flow  coefficient 
'w,h,1inpI7ne — derivatives  of  non-equili¬ 
brium  cushion  flow  versus 
hover  height,  cushion  pre¬ 
ssure  and  finger  inclina- 
tion  respectively 

Le  — cushion  flow  escape  coefficient. 

Foot  Notations 


t 

1 

h 

A 


m— —  maximum  value 

j - nozzle  value 

- under  pressure,  respectively 

representing  bag  and  cushion 
pressure 

e - escape  value 

ea - escape  into  the  atmosphere 

c - under  Q,  representing  underfed  or 

overfed  flow  out  of  or  into  cushion 

1.  INTRODUCTION 


In  the  field  of  basic  theoretical  re¬ 
search  of  air  cushion  principle,  there  have 
appeared  various  mathematical  models  since 
1960’s  on  the  basis  of  large  amount  of 
experimental  and  theoretical  investigations, 
of  which  thin  jet  theory  [l]  and  exponential 
theory  [2]  for  peripheral  skirt,  wall  jet 
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Fig.l  Three  Tvdes  of  Basic  Cushion 
Configurations 


theory  [3]  and  olenuir,  chamber  theory  (4)  for 
bag-finger  skirt  are  comparatively  practical. 
By  using  these  theories,  one  can  calculate 
flow  rate,  pressure  head,  lift  power  and 
select  fans  for  hovering  condition.  These 
theories,  however,  are  only  applicable  to 
equilibrium  jets. 

But  actually,  for  a  three  dimensional 
air  cushion  vehicle,  equilibrium  jet  flow 
pattern  may  not  be  maintained  because  of  the 
following  facts:  non-uniformity  of  bag 
pressure  in  different  sections  due  to 
unsymmetrical  arrangement  of  fans  and  ducting, 
differences  of  hover-height  in  different 
sections  due  to  inclination  of  craft,  changes 
of  pressure  distribution  of  cushion  outside 
due  to  forward  motion  of  craft,  differences 
of  skirt  configrations  in  different  sections, 
and  heave,  pitch,  roll  motion  of  craft.  This 
will  result  in  overfed  flow,  where  part  of 
the  flow  enters  into  the  cushion,  as  well  as 
underfed  flow,  where  pqrt  of  cushion  air 
escapes  from  underneath  the  jet  curtain  into 
the  atmosphere,  thus  causing  cross  flow  in 
the  cushion. 

To  investigate  motion  characteristics 
of  air  cushion  vehicles,  some  literature 
extend  momentum  law  to  analyse  the  three 
different  flow  patterns  (overfed,  equilib¬ 
rium  and  underfed)  without  considering 
viscous  effects,  and  this  gives  results 
in  which  the  flow  at  equilibrium  point  is 
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Fig. 2.  Practical  Examples  of  Non-equilibrium 
Cushion  Flow 


discontinous.  Matsuo  [6]  used  viscous  tur¬ 
bulent  jet  theory  tc  replace  the  above 
theories  and  overcame  this  defect.  This 
theory  is,  however,  only  applicable  to 
peripheral  jet  skirt.  West  (3]  applied 
experimental  results  of  two  dimensional 
turbulent  wall  jet  velocity  distribution 
tne  calculation  of  the  momentum  along 
wall,  and  established  equilibrium  jet  equa¬ 
tion  for  single  wall  skirt. 

According  to  the  authers  knowledge,  the 
research  of  non-equilibrium  flow  pattern  of 
kaq~finger  skirt  is  so  far  largely  based  on 
plenum  chamber  theory.  But  in  fact,  the  flow- 
pattern  of  wall  jet  is  very  different  from 
that  of  plenum  chamber,  it  will  exert  a 
different  influence  on  the  behavior  of  ACV's 
mot  .on.  Especialy  when  we  are  investigating 
sta.  xlity  on  calm  water,  the  steady  flow  and 
hence  steady  pressure  distribution  of  wall 
jet  and  plenum  chamber  in  the  cushion  will 
be  totally  different  from  each  other.  How¬ 
ever,  literature  dealing  with  non-equilib¬ 
rium  wall  jet  appears  to  be  still  lacking. 

This  paper  discusses  theoretical  flow 
Patterns  of  two  types  of  cushion  configura¬ 
tion,  i.e.  wall  jet  and  plenum  chamber,  of 
bag-finger  skirt  operating  under  roost 
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general  conditions.  The  theory  has  been 
verJfied  by  qusi-static  simulation  tests 
performed  in  a  skirt  test  facility,  whereby 
air  is  blowed  intc  or  out  of  the  cushion. 


2.  NON-EQUILIBRIUM  JET  THEORY  OP  AIR  CUSHION 


2.1  Wall  Jet  Theory 


This  theory  consists  of  two  parts, 
turbulent  wall  jet  and  cushion  jet  curtain. 
Basic  assumptions  are  as  follows: 

1)  Bag  holes,  after  introducing  a  loss 
coefficient,  is  idealized  as  a  wall  nozzle 
with  good  contraction. 

2)  Bag  pressure  is  homogeneous  and 
cushion  pressure  is  uniform  within  the  whole 
cushion  area. 

3)  The  jet  near  the  wall  has  a  boundary 
layer  velocity  distribution  and  that  near 
the  cushion  side  has  a  free  jet  velocity 
distribution. 

4)  Jet  curtain  will  tend  to  curve  under 
the  action  of  pressure  difference  between 
the  two  sides  of  jet,  and  will  eventually 
contact  surface  and  separate.  Viscous 
effect  is  approximately  negligible  as  hover 
height  is  generally  small. 

5)  To  simplify  calculation,  simple 
momentum  equation  are  applied  for  cushion 
jet  curtain. 

2.1.1  Turbulent  Wall  Jet 

The  flow  pattern  of  turbulent  wall  jet 
is  shown  in  fig. 3. 


initial  section  advanced  section 


Fig, 3.  Turbulent  Wall  Jet  Flow  Pattern 


Wall  jet  is  quite  similar  to  free  jet. 
It  is  a  mixing  process  of  jet  ejecting 
tangentially  along  wall  with  ambient  static 
medium. 

It  is  comprised  of  three  sections,  i.e. 
initial,  gradual  and  advanced  sections.  In 
the  initial  section  there  is  a  core  of  uni¬ 
form  velocity  Vj.  The  flow  near  the  wall  is 
in  boundary  layer,  while  the  flow  on  the 
cushion  side  is  a  mixing  layer  of  jets.  In 
the  advanced  section,  which  is  far  from  the 
jet  nozzle,  there  exists  only  wall  boundary 
layer  (y<S)  and  mixing  layer  of  jet  (Srjf<b). 
At  the  point  y=5,  the  flow  possesses  its 
maximum  velocity  Vra,  and  decelerates  down¬ 


stream.  The  core  velocity  of  the  gradual 
section  is  equal  to  the  velocity  of  nozzle 
outlet.  But  because  gradual  section  is 
relatively  short,  so  it  can  be  included  in 
the  advanced  section. 

The  velocity  distribution  within  the 
mixing  layer  of  jet  is  considered  to  obey 
free  jet  law  17]  ,  that  is: 


diffusion  angle  =  16* 

b=  tg  16°(  X  +  Xs)  =  0-287  (X +  3, 48t)  (2) 

The  velocity  distribution  exponential 
of  boundary  layer  is  different  from  the  1/7 
value  of  usual  flat  turbulent  boundary  layer 
due  to  the  influence  of  mixing  layer  of  jet. 
Its  value  is  approximated  to  be  1/10  accor¬ 
ding  to  test  results  and  (7]  i.e. 


=  mfo 

vm  U; 


According  to  l8l  the  corresponding 
expression  for  1/10  velocity  distribution  is 
as  follows, 

v  _  _  (y£f0 

v*  —  1hS  (vy  m 

Where  V*  ,  tangential  stress  velocity 

T  =  0.01175  j>V2  [j^yi  (5) 

At  the  interface  of  boundary  layer  and 
mixing  layer  of  jet,  \j=  8  ,  V  =  Vj-,  then 

TS  =0.0 1175  pVw  fjTT  16) 

From  boundary  layer  momentum  integral 
equation^,  g 

the  thickness  of  boundary  layer  is  obtained, 

S=  0-237  (-^)TT- X  (8) 

In  usual  full  scale  case, 

Re  =  M  =  10S 

so  the  above  equation  can  be  rewritten  as 

8  -  0  0402  (x  +  3.48t )  (9) 


Friction 


2  c** 


Rz  =  j  ^ 


Thickness  of  momentum  loss 


^  ~  (n  +  i)(n  +  2)°  1101 

Where  n  is  the  inversion  of  the  power 
of  velocity  distribution,  i.e.  n  =  10,  there¬ 
fore 

,  2 

..2  /  Y>  '73 


Rf  =  0-018  fV’  (yTy/  X 


Substitute  full  scale  Re  Number  into 
the  above,  then 


In  order  to  analyse  non-equilibrium 
jet  (i.e.  overfed  and  underfed),  let 


q  <1  overfed 

T  =  -  — -  =  1  equilibrium 

*  >1  underfed 

If  the  boundary  streamline  of  escape 
flow  is  within  the  mixing  layer  of  jet  i.e. 

5  <  b,  <  b  then 


Rf  =  0.00306  -PVm^X  +  3.48DC12)  Qe=vmS^.,0=ii  +Vma-S)fo-V’s)  d-7 


Referring  to  fig.l,  take  the  whole 
velocity  field  from  nozzle  outlet  to  X  sta¬ 
tion  as  control  surface,  and  apply  momentum 
theory  in  X  direction, 

fV/t  =  fV»s£(^)sd(Xj 

+  0.00306  j>Ox  +  3.48t)  (13) 


From  the  above,  the  maximum  downtream 
velocity  distribution  is  obtained. 


Where  £  =  ,  7=  2l£.  non-dimensional 

a  J  b-S 

coordinate,  y -  >>,-0  non-dimensional 
«*  b-S 

coordinate  of  escape  boundary  streamline. 
Let 

&V.)  =  / 


If  boundary  streamline  of  escape  flow 
is  within  the  boundary  layer  when  hover 
height  is  small,  b,<S  ,  then 


Qe=  vm°J  Ye<H 


8.72 

3.48  +  x/t 


From  V»  *  Vj  the  length  of  the  initial 
section  is  found  to  be 

X  =  S.23t 

The  maximum  downtream  velocity  decrea¬ 
se  is  calculated  by  using  the  above  equation 
and  is  shown  in  fig. 4. 


Where  £,=  -jb  ,  non-dimensional  coordina¬ 
te  of  escape  boundary  streamline - 

When  5  <  b,  <  b  ,  the  ratio  of  escape 
momentum 

Me  /Vm12fS  f1  X  b-i  P'  ,c4 

757  =  t-EV  7  « *«£*-/"-? 

•*  >  1  0  „ 


15  l/t 


Fig. 4.  Maximum  Sectional  Velocity 
Downstream  Distribution 


If  0  <  b,  <  S  the  ratio  of  secaoe 
momentum  will  then  be 


fjyk  (*.*«■ 


L  Qt 

If  f  ,  -g\is  given,  »  or  5.  can  be  obtain¬ 
ed  from  equations  (15i ,  (16),  and  escape 

boundary  from  the  integral  equation  f(n,  }. 
Then  according  to  n,  or  £, ,  escape  momentum 

ratio  can  eventually  be  obtained  from 

equations  (17),  (18).  Shown  in  fig, 5  are  the 
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curves  of  -rrr  ~  for  different  -r 

Qj-  Ha  t 

and  in  fig. 6  the  curves  of  -rr-  ~  -L 
q.  MJ  t 

different values. 


values , 
for 


Fig. 5.  Variation  of  Escape  Momentum 
with  Overfed  or  Underfed  Flow 


In  general  equilibrium  conditions, 
6  <  -jr  <  12  JPh.  is  approximated  to  be 

Z  > 


£-0.03167 


(19) 


The  function  ~  ^  (•gj  ,7)  '  raay  be 

approximately  expressed  by  the  following 
equation  through  regression  analysis : 


-pjj  =  -  0  0575  +  7.4835  (|:  j-O06o82(|j(|^j 

'  «■  WM  (§}  +  0  02445  (?)  (I7) 

^  2 

+0.00/778 (j)  (^)-O-OCOm(^)  (qt) 


(20) 


2.1.2  Jet  Curtain  of  Cushion 

The  flow  pattern  of  cushion  jet  curtain 
is  shown  in  fig. 7. 


Me 
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Fig. 7.  Curved  Jet  Curtain  Flow  Pattern 


From  Bernoulli's 


holes 

P* 


equation  through  bag 

(21) 


and  with  contraction  coefficient  of  bag 
holes  area  assumed  to  be  0.64,  the  nozzle 
momentum  may  be  obtained 


Fig. 6.  Variation  of  Escape  Momentum  with 
Finger  Length 


H-.  =  1.28  (Pt-Pc)t 


(22) 


Taking  the  flow  field  around  the  jet 
curtain  as  a  control  face,  as  shown  in  fig. 7, 
and  applying  momentum  theory  in  horizontal 
direction, 

Pc  h  —  Mj  Cos  0  +  Mea.  -  ffij  -  M e. J  (23) 


we  can  obtain  cushion  pressure  and  flow 
rate: 

A  _  _ - - - —  (24) 


pt  ' 

Qj  / 


0.  32 


A /  %( Cos  0-1+ 


(25) 


The  escape  momentum  changes  from  Me, 
which  is  alongside  the  wall,  to  Mea,  which 
is  out  of  the  cushion,  ar  •  generally  spea¬ 
king,  MeakMe,  When  hover  height  is  small, 
escape  streamtube  will  not  be  diffusing  but 
contracting.  In  such  case,  the  escape 
velocity  will  increase,  and  thus  escape 
momentum  out  of  cushion  will  be  larger  than 
that  alongside  the  wall.  But  if  hover  height 
is  large,  the  escape  momentum  out  of  cushion 
will  be  smaller  than  that  alongside  the  wall 
due  to  the  fact  that  the  escape  streamtube 
has  the  p-operty  of  viscous  diffusing  and 
its  turbulent  mixing  effect  is  the  same  as 
free  turbulent  jet, 

IfT''ifare  given'  by  calculating  <t> 
from  equation  (15)  ,  and  corresponding  r) , 
from  the  integral  of  Mo,),  the  escape  width 
at  the  end  of  finger  may  be  obtained  from 
equations  (2)  and  (8) : 

-jr  =  (0.247^,  +0.04)(*|-  +  3.48 )  (26) 

The  value  of  only  varies  with  -A 
for  general  -i-  conditions, 


V?hen 


aj 


=  1 


A.  1.3 

t  3 


At  a  certain  point  where  h  is  slightly 
greater  than  b* ,  jet  does  not  contract  nor 
diffuse,  therefore  Mea  = Me.  But  if  h  is  less 
or  greater  than  bi ,  jet  will  either  contract 
or  diffuse,  thus  Mea  >  Me  or  Mea  <  Me. 

Escape  flow  Qe  will  not  change  when 


momentum  changes  from  Me  to  Mea ,  but  velocity 
varies  because  c-f  diffusion  or  countraction 

while  Mea.=  fQe\4a. ,  so  —?■  -  ,  From  equa- 

*1j  Vj 

tion  (13) ,  it  may  be  seen  that  the  variation 
of  velocity  is  inversely  proportional  to  the 
square  root  of  the  length  of  diffuse  section 
or  of  hover  height  when  hover  height  is 
large,  while  in  the  contracted  escape  flow 
tube  the  velocity  varies  inversely  with  hover 
height  when  hover  height  is  small. 

At  present,  most  bag-finger  skirt  have 
low  bag  pressure  and  small  hover  height, 
therefore  jets  are  generally  in  contracted 
state.  But  because  of  the  three  dimensional 
effect  of  the  escape  area  at  triangular 
region  of  finger  end  for  the  smaller  hover 
height,  jet  will  tend  to  turn  upwards  along 
the  outer  side  of  finger,  thus  resulting  in 
additional  momentum  loss. 

On  the  basis  of  test  results,  the 
following  approximation  is  adopted 


-KIT 

Mj  */  h 


(27) 


It  has  been  found  that  in  the  usual 
Qe 


range  of  -L  ,  |S.  , 


i.e. 


t-  6 


10 


Q 


=  0-5  J.5 


theoretical  calculations  and  experimental 
results  coincide  with  each  other  very  well, 
if  K  is  taken  to  be  of  the  value  of  1.3 

L  Q& 

(corresponding  to  the  value  of ~  when"Q:=l) 

Substitute  equation  (27)  into  (24) , 

(25) ,  we  have 


A 

Pt 

Q.] 


(28) 


0.32 


hjfi 


(29) 


The  calculated  results  corresponding  to 
various  -£■  }  are  shown  respectively  in 

figs, 8,  9,  10,  11. 
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2.2  Plenum  Chamber  Theory 


For  plenum  chamber  with  separate 
ducting  and  cushion,  such  as  when  bag  escape 
holes  are  near  the  inside  of  cushion  and 
hence  the  discharging  air  can  not  be  formed 
into  wall  jet,  and  the  momentum  from  ducting 
outlet  is  totally  lost  in  the  cushion,  the 
escape  flow  is  expressed  as: 


Qe-  Ce  h-J  f  Pc 


Escape  coefficient  Ce  only  depends  on 
inclination  of  fingers.  According  to  (4), 

Ce  =  0-5  +  c.4  *  iO'3d  +  o  loV*  io'^Q2 
-  0,494 */o"V+  o.34£"V  02) 


The  three  derivatives  of  tn  t,  ,  me 
for  plenum  chamber  may  be  calculated  by  means 
of  equation  (?4) . 


71),=  -0.84 


irip  =  -0-42— x 


Pc/Pt 

fj  )  -  Pc/pt 

1 _ 

Pc/.pt  (1-Pc/Ptf 

/"pc/Pt  BCe 


W  f-Vft  ^ 6 


For  the  usual  design  value 

6  =  45°  ,  Ce  =  6-537  . 

The  Bernoulli's  equation  from  bag  to 
cushion  will  be 


w.  kf 


where  0.64  is  the  contraction  coefficient  of 
bag  holes,  t  is  equivalent  jet  width. 


Where 


y v  ■■■  is  obtained  from  equation  (32). 

Their  curves  are  respectively  shown  in 
figs. 13,  14,  15  and  16. 

3.  COMPARISON  OF  THEORETICAL  PREDICTIONS 
WITH  EXPERIMENTAL  RESULTS 

3.1  Verification  cf  Theoretical  Predictions 
by  Experiments 

During  the  process  of  theoretical 
analysis,  extensive  experimental  investiga¬ 
tions  by  using  a  two-dimensional  skirt  test 
box  were  made  for  the  verification  of  the 
above  theories. 

The  width  of  the  test  facility  is  two 
meters.  It's  floor  can  be  elevated  or 
lowered.  Shwon  in  fig. 18  is  its  schematic 
view. 


It's  curves  are  shown  in  fig. 17. 
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Fig. 17.  Non-equilibrium  Cushion  Pressure 
of  Plenum  Chamber 


Fig. 18.  Skirt  Test  Box 

In  order  to  simulate  overfed  and  under 
fed  flow,  four  nozzles  were  separately 
attached  to  the  top  and  bottom  plates  of 
plenum  chamber.  The  range  of  variation  of 

was  from  0.4  to  J.7. 


For  the  bag-finger  skirt  tested,  the 
ratio  of  finger  height  to  skirt  height  was 

i,  i/t  =  io. 
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Fig. 19.  Visualized  Flew  Patterns  of  Mall 
Jet  in  Skirt  Box 
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Fig. 20.  Visualized  Flow  Patterns  of 
Plenum  Chamber  in  Skirt  Box 


The  flow  patterns  in  the  cushion  are 
visualized  through  the  use  of  silk  threads 
while  performing  the  three  state  tests  of 
equilibrium,  overfed  and  underfed  jet.  The 
visualized  flow  patterns  are  shown  in  fig. 19. 

During  the  process  of  plenum  chamber 
tests,  all  bag  holes  were  enveloped.  Non¬ 
equilibrium  jet  tests  were  carried  out  by 
making  use  of  the  nozzles  on  the  top  and 
bottom  plates  of  the  plenum  chamber.  Shown  in 
fig. 20  are  the  visualized  flow  patterns  in 
cushion  for  plenum  chamber. 

3.2  Agreement  between  Theory  and 
Test  Results 

As  shown  in  figs. 8  and  9,  there  is 
quite  a  good  agreement  between  theory  and 
test  results  for  the  non-equilibrium  cushion 
pressure  and  flow  characteristics  of  wall 
jet.  In  the  region  where  overfed  is  severe 
and  hover  height  is  small,  the  test  nressure 
values  are  slightly  smaller  than  the  oredic- 
tion.  While  in  the  region  where  there  are 
much  underfed  and  small  hover  hieght,  the 
test  flow  values  are  also  smaller  than  cha 
prediction.  It  is  possibly  because  that  the 
value  of  K  in  equation  (27)  does  not  vary 
with  overfed  or  underfed  flow.  It  would  be 
considered  to  be  more  appropriate  if  we  had 
adopted  the  value  of  K  proportional  to 
escape  width  bi ,  but  it  will  have  the  equa¬ 
tions  (28) (29)  become  much  more  complex. 

As  for  plenum  chamber,  agreement 
between  the  test  results  and  theory  is  also 
relatively  good  when  the  opening  area  on 
the  top  of  the  chamber  was  4  >  <p  no, 
because  the  obstruction  existing  in 
the  cushion  caused  jet  to  lose  all  its 
momentum.  But  when  the  area  was  2x<Jm70 
since  the  obstruction  had  been  cleared  away, 
so  the  jet  retained  its  partial  momentum 
until  it  escaped  into  the  air  and  thus  had 
a  higher  cushion  pressure.  In  that  case 
escape  coefficient  Ce  becomes  0.475  from 
0.54.  The  agreement  between  theory  and  test 
results  is  also  very  good  for  non-equilibrium 
plenum. 

4.  ANALYSIS  OF  CUSHION  CHARACTERISTICS 

4.1  Hovering  Performance 

From  fig. 10  it  may  be  seen  that,  out  of 
the  cushion  pressure  curves  of  the  three 
cushion  systems,  i.e.  wall  jet  (for  various 
1/t),  plenum  chamber  (two  different  types) 
and  peripheral  jet,  for  the  same  h/t 
peripheral  jet  will  yield  higher  cushion 
pressure.  Wall  jet  gives  the  similar 
performance  as  plenum  chamber  with  the  only 
exception  that  cushion  pressure  of  plenum 
chamber  drops  more  quickly  with  the  increase 
of  hover  height.  Wall  jet  momentum  loss 
increases  with  1/t  and  hence  the  cushion 
pressure  decreases.  Plenum  chamber  can  yield 
a  higher  cushion  pressure  when  the  jets  have 
not  yet  lost  all  its  momentum  at  the  region 
of  escape.  For  the  design  operating  point 
which  is  about  y  —  6~#2  for  most 

hovercrafts,  both  wall  jet  and  plenum  chamber 


are  very  much  alike,  only  the  pressure  curve 
of  plenum  chamber  is  more  steep. 

Three  types  of  escape  coefficient  curves 
are  shown  in  fig. 11,  of  which  that  of  wall 
jet  and  peripheral  jet  are  very  close.  Their 
escaoe  coefficient  decreases  with  the  increa¬ 
se  of  hover  height.  For  wall  jet,  the  escape 
coefficient  increases  slightly  with  the 

increase  of  4"*  The  escape  coefficient  of  ple¬ 
num  chamber  keeps  constant,  being  0.475  when 
the  momentum  has  not  totally  lost  and  0.54 
when  the  momentum  is  totally  lost.  Cushion 
flow  requirement  is  very  close  for  three 
systems  at  normal  design  operating  point. 

From  the  curves  of  non-dimensional  lift 
power  shown  in  fig. 12,  it  is  found  that 
periDheral  jet  has  a  smallest  power  require¬ 
ment,  while  the  power  required  by  both  wall 
jet  and  plenum  chamber  at  normal  design 

operating  point  of  ^ ,-p  has  a  little  differen¬ 
ce.  The  power  requirement  of  plenum  chamber 
increases  most  quickly  when  hover  height 
increases,  while  that  of  wall  jet  increases 

quickly  when increases. 

4.2  Motion  Performance 

The  main  parameters  determining  motion 
performance  of  hovercraft  are  the  three 
derivatives  mi,  ,  me  derived  from  the 
small  perturbation  of  non-equilibrium  jet. 
Generally  speaking,  jet  angle  variation  due 
to  craft  motion  is  not  large  and  We  is  also 
small,  therefore,  the  effect  of  jet  angle 
may  be  negligible.  According  to  theoretical 
analysis,  cushion  stability  is  proportional 
toM^/^jp,  which  is  just  the  steepness  of  the 

characteristic  curves  of  cushion  pressure, 

and  cushion  damping  is  proportional  toVmp  . 

It  may  be  seen  from  fig. 13  that  plenum 
chamber  pressure  curve  is  the  steepest  and 
the  peripheral  jet  curve  is  the  f latest. 

From  fig. 15  it  may  be  seen  that  the  stabil¬ 
ity  |of  olenum  chamber  is  the  largest  because 

its  >r,h/mp  is  the  maximum,  while  that  of 
peripheral  jet  is  the  smallest  because  its 

rnt>/mp  is  the  minimun.  Both  the  variation 

of  -p  f°r  wall  jet  and  the  fact  whether  the 
momentum  of  plenum  chamber  is  totally  lost 
have  very  slight  effect  on  stability.  Within 
the  range  of  very  small  hover  height, 
cushion  stability  increases  with  hover 
height,  and  reachs  the  maximum  value  at 

about  t -=0.S  for  wall  jet,  £■=0 . 5~  l  -  o  for 
plenum  chamber,  and  at  larger  value  of  ^ 

for  peripheral  jet  (not  shown  in  the  figure), 
and  will  then  immediately  decrease  after 
passing  these  points.  2hese  points  are  shown 
in  fig. 10  as  the  point  of  inflexion  of  the 
curves . 

It  may  be  seen  from  fig. 14  that  plenum 
chamber  has  a  smallest  derivative  Wp  but  a 
maximum  damping,  while  peripheral  jet  has  a 
maximum  mp  but  a  smallest  damping,  and  wall 
jet  has  a  intermediate  value.  The  damping 
for  peripheral  jet  increases  rapidly  with 


the  increase  of  hover  height.  The  damping 
for  plenum  chamber  and  wall  jet  also 

increases  when  1.0,  but  will  stop  increas¬ 
ing  if  hover  height  is  still  larger.  With 

the  increase  of  the  damping  for  wall  jet 
increases  and  gradually  approaches  that  of 
plenum  chamber. 
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Discussion 


F.  Murao  (Aoyam a  ^akum  Umv ) 

I  should  be  interested  to  know  m  what 
problem  of  non-equilibrium  cushion  flow 
might  this  simulation  model  be  used  most 
effectively. 

I  should  like  to  pose  some  questions 
and  comments. 

First,  is  the  experimental  coefficient 
K  of  the  equation  (27)  found  from  the  direct 
measurements  of  jet  momentum  Mea  and  Me,  or 
is  it  found  indirectly  as  it  does  not  con¬ 
flict  with  the  results  shown  in  Fig. 8  ? 

The  flow  model  of  free  jet  curtain  was 
given  in  my  paper D  presented  in  Japan  Na¬ 
tional  Congress  for  Applied  Mechanics  1969. 
Using  this  flow  model  one  can  predict  the 
velocity  distribution  after  the  impingement 
of  jet.  Although  this  is  for  free  jet  cur¬ 
tain,  same  concept  should  be  easily  used  to 
the  wall  jet,  so  that  the  introducing  of 
experimental  coeff.  K  would  be  not  neces¬ 
sary. 

Second,  are  the  experiments  planned  to 
simulate  the  flow  model  proposed  here,  or 
to  simulate  the  actual  configuration  of  bag 
and  skirts  ?  The  actual  bag  and  finger 
skirts  are,  of  course,  not  two-dimensional 
but  three-dimensional.  Furthermore,  the 
jet  holes  are  located  as  a  free  jet  issued 
from  the  hole  attaches  to  the  wall.  How  is 
the  difference  considered  in  this  topics  ? 
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D.D.  Moran  iOJNsnoc) 


The  authors  are  to  be  congratulated  on 
the  exce) lent  technical  work  presented  in 
their  on  "Theoretical  and  Experimen¬ 

tal  Investigations  of  Non-Equilibrium  Jet 
of  Air  Cushion  Vehicles."  I  was  particular¬ 
ly  impressed  with  t'-.e  advanced  analysis  of 
escape  flow  velocity  distributions.  The 
excellent  agreement  the  authors  have  ob¬ 
tained  between  predicted  discharges  and  the 
experimental  measurements  is  unrefutable 
evidence  of  the  quality  of  their  analytic 
modeling.  I  believe  the  authors  are  in  an 
excellent  position  to  comment  upon  a  dif¬ 
ficult  problem  which  has  faced  the  dynamic 
performance  assessment  community.  Analytic 
models  of  air  cushion  vehicle  dynamic  res¬ 
ponse  require  a  determination  of  the  loca¬ 
tion  of  the  exact  free  surface  boundary 


and  the  location  of  the  equi-flow  line  pass¬ 
ing  under  the  lip  of  the  skirt.  This  sec¬ 
ond  flow  line  marks  the  division  between 
air  which  discharges  directly  from  the 
skirt  ducting  or  boundary  cell  and  the  air 
which  discharges  from  the  cushion.  Knowl¬ 
edge  of  the  relative  discharge  between 
these  two  sources  is  vital  to  the  practical 
determination  of  the  pitch/heave/roll  dy¬ 
namics  of  an  air  cushion  vehicle  in  waves. 

It  is  a  pleasure  to  have  an  opportunity 
to  comment  upon  the  fine  research  being 
performed  on  air  cushion  vehicles  in  the 
Peoples'  apublic  of  China  and  I  look  for¬ 
ward  to  following  their  continues  successes 
in  this  field. 


H.  Matsuo  (Kumamoto  Umv.) 


I  would  like  to  compliment  the  authors 
for  their  interesting  work  in  an  area  that 
is  difficult  and  challenging.  The  discus¬ 
sions  of  the  wall  jet  scheme  are  particular¬ 
ly  useful. 

(1)  The  difference  between  Mea  and  Me 
(Fig. 7)  would  be  due  to  the  existence  of 
the  viscous  force  and  the  stream-wise  pres¬ 
sure  gradient.  It  would  seem  that  the  same 
situation  might  occur  in  the  flow  directing 
towards  the  cushion,  and  Me  is  not  necessar¬ 
ily  equal  to  Mj-Me.  Could  the  authors  com¬ 
ment  on  the  assumption  of  Mc=Mj-Me  ? 

(2)  Pc  in  eq. (31)  is  not  identical  with 
Pc  in  eq.(33).  In  fact,  Pc  in  eq.(33)  is 
:he  local  static  pressure  around  the  nozzle 
exit,  and  not  the  cushion  pressure.  Accor¬ 
ding  to  my  opinion  (see  Ref.l)  below),  eq. 
(33)  and  (34)  shall  be  replaced  by 
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Author’s  Reply 


T.  Ma  (Shanghai  Ship  Design  and  Res  ins: ) 


The  authors  are  grateful  to  Prof. 
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Murao  for  his  remarks  and  the  answers  are 
as  follows  : 

The  purpose  of  this  paper  is  to  offer 
a  practical  means  for  the  design  of  hovering 
performance  and  the  calculation  of  motion 
behaviour  of  ACV  with  bag-finger  skirt. 

The  actual  flow  model  of  bag-finger  skirt 
may  be  very  complex,  as  Prof.  Murao  said, 
not  two-dimensional  but  three-dimensional. 
But  because  the  distance  of  bag  holes  from 
finger  walls  is  very  short  as  compared  with 
finger  length,  the  three-dimensional  effect 
can  be  neglected.  In  order  to  simplify  the 
theory,  we  would  rather  adopt  the  approxima¬ 
tion  of  Mea  o.i  the  basis  of  test  results, 
as  shown  in  formula  (27) ,  than  calculate  it 
theoretically.  In  this  meaning  it  may  also 
be  said  that  the  theory  belongs  to  a  semi- 
experiential  method. 

According  to  the  constructive  proposi¬ 
tion  of  Prof.  Murao,  the  momentum  Mea  can 
be  derived  from  the  following  eguations: 

£  V (y)dy  =  V (z)dz 

l  pc  +  2  -  I  »v:(z)  (D_1) 


Substitute 
(D-l) ,  the 

2  (bi ) 


formulas  (1) , (3)  and  (26)  into 
jet  width  escaped  into  the  air 


‘I 


:  dy 


(D-2) 


(y) 


r2«a) 

thus  Mea  =1  oQev  (z)<*Z 


(D-3) 


By  the  same  means  the  momentum  Me  can 
also  be  derived.  This  is  an  elaborate  model 
of  curved  cushion  jet  curtain  without  con¬ 
sidering  viscous  diffusion,  but  it  follows 
that  the  evident  expression  (28)  and  (29) 
can  not  be  gotten,  and  the  difficulty  in 
analysis  of  linear  perturbation  expansion 
will  be  brought  about. 

The  authors  are  sincerely  grateful  to 
Dr.  Moran,  we  fully  agree  with  his  comments 
that  the  viscous  diffusion  and  the  location 
of  the  escape  flow  line  or  the  ratio  of 
overfed  or  underfed  flow  to  total  flow  have 
an  important  effect  on  the  practical  de¬ 
termination  of  the  stability  and  the  dynamic 
response  of  air  cushion  vehicles.  Equation 
(30)  is  the  fundmental  formula,  which  has 
been  applied  for  the  calculation  of  the 
static  and  dynamic  characteristics  of  hover¬ 
craft  with  bag-finger  skirt.  Thanks  to 
Dr.  Moran  for  his  encouragement  of  our  re¬ 
search  work. 

The  authors  would  like  to  thank  Prof. 
Matsuo  for  his  comments  and  the  answers  are 
as  follows: 

The  momentum  towards  cushion  Me,  theo¬ 
retically,  should  be  equal  to  Mj-Me,  if 
neglecting  the  lost  due  to  the  impact  on  the 
ground.  And  the  effect  of  viscous  diffusion 
could  not  change  the  total  momentum  towards 
cushion  Me. 

Regarding  the  second  point,  Pt  refers 
to  the  pressure  of  bag  or  ducting,  which 
could  not  equal  to  the  cushion  pressure 
except  that  the  cushion  is  totally  sealed. 

We  take  no  account  of  the  unsymmetry  of 
cushion  pressure,  so  equation  (31)  should 
be  consistent  with  equation  (33) . 
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ABSTRACT 

This  paper  describes  an  attempt  to 
improve  the  prediction  of  the  flow  near  the 
stern  of  a  ship  by  taking  into  account  the 
interaction  between  the  boundary  layer  and 
the  external,  inviscid  flow.  An  iterative 
coupling  procedure  is  used,  based  on  the 
surface  transpiration  method.  Five 
iterations  have  been  made  with  strong 
underrelaxation  in  the  first  iterations. 
Although  the  results  give  in  general  an 
improvement  of  the  flow  prediction,  the 
iteration  procedure  diverges  close  to  the 
stern  due  to  a  non-local  reaction  of  the 
boundary  layer  on  a  change  in  the  potential 
flow.  This  suggests  that  the  use  of  a 
simultaneous  solution  technique  for  the 
viscous  and  inviscid  regions  may  be  the 
only  practical  way  to  deal  with  the  interac¬ 
tion  in  the  flow  past  a  ship  afterbody. 

NOMENCLATURE 

h  ,  h,  metric  coefficients  of  x,  y,  z 

coordinate  system 
i  iteration  index 

L  ship  length 

n  unit  normal  vector 

u,  v,  w  components  of  v  in  x,  y,  z  direction 
respectively 
v  velocity  vector 

v*s  ship  speed 

V*  =  {V.  )g“6 (SVp/3y) 

X  Cartesian  coordinate  in  longitudinal 

direction  (X=0  at  the  bow,  positive 
at  the  stern) 

x,  y,  z  curvilinear,  body-fitted  coordinates 

a  underrelaxation  factor 

■S  boundary-layer  thickness 

displacement  thickness  of  straamwise 
velocity  profile 

A  indicates  a  change  between  two 


successive  iterations. 

Subscripts: 

p  refers  to  potential  flow 

b  refers  to  boundary-layer  flow 

H  refers  to  the  hull  surface 

S  refers  tc  the  outer  edge  of  the 

viscous-flow  region. 

1.  INTRODUCTION 

Boundary-layer  computation  techniques 
are  now  being  widely  applied  to  the  flow  past 
a  ship.  Successful  predictions  have  been 
made  of  the  flow  over  a  large  part  of  the 
hull,  but  boundary-layer  calculations 
usually  fail  to  give  sufficient  accuracy  in 
the  prediction  of  the  stern  flow.  This 
failure  is  due  partly  to  the  inadequacy  of 
the  thin  shear  layer  approximations  and 
partly  to  neglection  of  the  interaction 
between  the  boundary  layer  and  the  external 
inviscid  flow.  A  remedy  of  the  failure  is  to 
be  found  in  avoiding  one  or  both  of  these 
simplifications. 

The  implications  of  abandoning  the  thin 
shear  layer  approximations  are  considerable: 

(  i)  we  can  no  longer  use  the  shell- 

geometry  concept,  i.e.  the  assumption 
that  geometrical  coefficients  in  the 
equations  to  bn  solved  are  independent 
of  y,  the  coordinate  normal  to  the 
hull.  Instead  a  complicated,  probably 
non-orthogonal,  curvilinear  coordinate 
system  has  to  be  adopted  and  at  every 
mesh  point  of  the  computational  grid 
the  geometrical  coefficients  must  be 
determined. 

{  ii)  we  have  to  solve  an  extra  equation, 
viz.  the  y-»osaentum  equation  and  the 
total  set  of  equations  becomes  of 
elliptic  nature  which  implies  a 
considerable  complication  of  the 


2.  THE  VISCOUS-INVISCID  INTERACTION  PROCEDURE 


solution  technique  and  requires  an 

increase  of  storage  capacity. 

(iii)  we  have  to  reconsider  the  turbulence 

modelling  in  view  of  the  role  played 

by  extra  rates  of  strain. 

The  interaction  between  the  boundary 
layer  and  the  external  inviscid  flow  (or, 
in  short,  viscous-inviscid  interaction)  can 
be  incorporated  in  various  ways.  One  way  is 
the  simultaneous  computation  of  both  viscous 
and  inviscid  flow.  Flow  fields  in  which 
extensive  separation  occurs  seem  to  demand 
such  an  approach  but  in  many  other  cases 
the  simpler  method  of  the  alternate 
computation  of  boundary  layer  and  inviscid 
flow  suffices  and  is  more  attractive  from  a 
viewpoint  of  computational  economy.  The 
simplest  forms  of  this  iterative  technique 
are  straightforward  because  available 
computer  codes  need  only  be  applied 
consecutively. 

In  view  of  the  relative  simplicity 
of  taking  into  account  the  viscous-inviscid 
interaction  by  an  iterative  procedure  it 
seems  natural  to  investigate  first  to  what 
extent  the  stern  flow  calculation  can  be 
improved  by  such  an  interaction  procedure 
alone. 

In  the  literature  some  practical 
information  on  the  effect  of  viscous- 
inviscid  interaction  is  available.  The 
subject  has  recently  attracted  many 
researchers  in  the  aeronautical  field  (see 
Refs  1  and  2  for  reviews).  Various 
iterative  schemes  have  been  applied  but 
most  of  the  work  is  related  to  two-dimen¬ 
sional  or  infinite-swept-wing  flows.  Also 
for  bodies  of  revolution  studies  on  viscous- 
inviscid  interaction  have  been  made  (e.g. 

Refs  3,  4).  But  cases  in  which  the  external 
flow  is  not  only  displaced  outwards  by  the 
boundary  layer  but  also  sideways,  as  can 
happen  in  general  three-dimensional  flows, 
have  received  comparatively  little  attention. 

For  ship-like  forms  only  three  papers 
are  known  to  the  authors  to  deal  with 
viscous-inviscid  interaction.  Hatano  and 
Hotta  (Ref.  5)  applied  a  rudimentary  form  of 
Lighthill's  equivalent-source  method  to  an 
Inuid-model;  the  strength  of  the  added 
sources  was  taken  constant  in  girthwise  di¬ 
rection.  Larsson  (Ref.  6)  made  a  similar 
excersise  for  a  sailing  yacht.  Finally 
Hagamatsu  (Ref.  7)  presented  results  of 
calculations  with  and  without  viscous-invis¬ 
cid  interaction  for  two  ship  hulls. 
Unfortunately  the  information  about  the 
calculation  method  and  the  comments  on  the 
results  were  very  brief  indeed.  In  all  three 
papers  only  one  iteration  was  made. 

iie  concluded  that  the  existing 
literature  provides  insufficient  information 
about  the  relative  importance  of  viscous- 
inviscid  interaction  in  3-D  flows  and  the 
applicability  of  an  iterative  procedure  to 
calculate  it.  In  this  paper,  therefore,  a 
case-study  of  vi  cous- inviscid  interaction 
is  reported,  supplying  more  information  on 
the  subject,  specifically  with  regard  to 
ships. 


The  Navier-Stokes  equations  for  viscous 
incompressible  flow  are  generally  accepted 
to  give  an  adequate  description  of  the 
complete  flow  field  around  a  ship.  But  as 
yet  these  equations  are  intractable  when 
applied  to  the  ship-flow  problem.  Simplifi¬ 
cations  have  therefore  been  introduced  such 
as  time-averaging,  adoption  of  a  turbulence 
model  and  the  assumption  of  the  spreading  of 
the  vorticity,  generated  at  the  hull  surface, 
being  confined  to  a  layer  of  relatively  small 
thickness.  The  latter  assumption  has  led  to 
the  division  of  the  flew  field  into  two 
regions  each  with  its  own  mathematical 
description  of  the  flow,  viz.  the  boundary 
layer  +  wake  (3LW  in  Fig.  1)  and  the  external 
potential  flow  (domain  P  in  Fig.  1). 


Fig.  1.  schematic  flew  field  representation. 

It.  the  conventional  computational 
approach,  which  relies  on  the  application 
of  matched  asymptotic  expansions,  the  flow 
field  in  the  oute*  region  is  calculated  in 
absence  of  3LW  u  er  the  condition  of  zero 
normal  velocity  the  hull  surface.  The 
resulting  tangen.  .al  velocity  at  the  hull 
surface  is  used  as  an  outer-edge  boundary 
condition  in  the  subsequent  boundary-layer 
calculation.  Thus,  although  the  boundary- 
layer  development  depends  on  the  external 
flow,  the  reverse  is  not  true:  there  is  no 
interaction  between  the  two  flow  regions. 

Ke  might  improve  the  flow  prediction 
by  coupling  the  inner  and  the  outer  flow  in 
an  exact  sense,  i.e.  by  trying  to  find 
solutions  in  the  inner  and  the  outer  region 
such  that  all  velocity  components  are 
continuous  at  the  common  boundary  S  (Fig.  1). 
This  coupling  can  be  accomplished  by  the 
iterative  calculation  of  the  inner  and 
outer  flow  fields  which  are  new  mutually 
dependent  through  their  boundary  conditions. 
Starting  point  is  the  calculation  of  the 
potential  flow  in  P  with  boundary  condition 


vjj.n  at  S  for  the  normal  velocity,  where  vb 
is  an  initial  guess  of  the  velocity  field 
in  BLW.  In  absence  of  a  free  surface  the 
solution  (the  velocity  field  v_)  can  be 
represented  by  a  source  distribution  on  S. 
Next  the  boundary  layer  is  calculated  with 
n  xtVpxii)  as  a  boundary  condition  for  the 
-agential  velocity  at  Si  The  results  will 
provide  a  new  value  for  vb.n  at  S  and  the 
calculations  are  repeated  until  vp=vb  at  S. 
The  changes  in  the  flow  due  to  this  coupling 
process  are  denoted  as  viscous-inviscid 
interaction. 

There  arises  a  problem,  however.  The 
surface  S,  the  outer  boundary  of  BLW,  is 
changing  in  the  course  of  the  iteration 
process.  So,  the  potential-flow  calculation 
requires  at  each  iteration  step  the  determi¬ 
nation  of  a  large  matrix  of  influence 
coefficients,  which  leads  to  a  prohibitive 
increase  of  computation  time. 

One  can  avoid  this  problem  in  two  ways. 
The  surface  S  'an  be  chosen  well  outside  the 
boundary  layer  as  a  fixed  surface,  such  that 
there  is  no  chance  of  the  boundary  layer 
growing  beyond  S.  The  other  possibility_is 
to  translate  the  boundary  condition  vb.n  at 
S  to  an  equivalent  boundary  condition  at 
the  }  ill  surface  H. 

In  this  paper  we  apply  the  second  pos¬ 
sibility;  the  first  is  hard  to  use  in 
conjunction  with  the  shell-geometry  concept 
of  boundary-layer  theory.  The  transfer  of 
the  boundary  condition  to  the  hull  surface 
proceeds  as  follows.  We  assume  a  fictitious 
potential  flow  in  BLW.  Applying  thin  shear 
layer  approximations  to  the  condition  of 
irrotationality  for  this  flow  leads  to 

3u  3w 

— £  =  — E  =  0  (1) 

ay  3y 

where  we  have  used  in  the  notation  the  body- 
fitted  boundary-layer  coordinates  x,  y,  2. 

In  the  same  coordinate  system  mass  conser¬ 
vation  yields 


which  is  independent  of  y  in  view  of  ( 1 ) . 
Therefore 


(Vn)S 


(vp'n,H  {Vb}S 


(Vh  = 


is  easily  integrated  to  yield 
{vp}H  =  (vb}S-  0{3y~5H  = 


,  3h,u  3h,w 

=  cv-)_+5{j~(— |=E  +  — 

b  S  “in3  sZ  h 


in  which  5  is  the  boundary-layer  thickness. 

What  we  have  obtained  now  is  a 
procedure  in  which  we  calculate  alternately 


{  i)  the  potential  flow  in  P+BLW  with  a 

boundary  condition  on  the  hull  surface 
H  according  to  (4) 

(ii)  the  boundary  layer  in  BLW  with  a 

boundary  condition  at  S  obtained  from 
the  velocities  at  the  hull  surface  cal¬ 
culated  in  step  (i),  using  (1). 

We  have  applied  this  procedure  to  one  of  the 
three  Ro-Ro  vessels  for  which  comparative 
boundary-layer  calculations  have  been  made 
earlier  (Ref.  8).  Before  the  results  of  this 
application  will  be  presented  in  Section  4, 
a  brief  account  is  given  of  the  calculation 
methods  for  the  viscous  and  inviscid  flows 
and  their  coupling  in  Section  3.  We  finish 
this  section  with  the  following  comments: 
—Hie  adopted  iterative  procedure  corresponds 
with  Lighthill's  equivalent  source  method 
(Ref,  9).  The  only  difference  is  that 
Lighthill  suggested  a  direct  formula  for  the 
source  strength  which  neglects  the  influence 
of  the  sources  upon  each  other,  whereas  we 
start  from  a  normal-velocity  boundary 
condition  and  solve  the  Neumann  problem  for 
the  velocity  potential  properly. 

—Perturbation  theory  also  gives  a  solution 
of  the  above  kind  when  a  first-order 
boundary-layer  calculation  is  combined  with 
a  second-order  potential  flow  (Ref.  10) . 

Only  one  iteration  is  involved  since 
perturbation  theory  provides  equations  and 
matching  conditions  to  give  a  pertinent 
solution  of  the  problem;  it  does  not  aim  at 
an  exact  coupling  of  the  two  flows.  We  shall 
comment  on  its  use  later  in  section  4. 
—According  to  available  literature  (e.g. 

Ref.  1,  2,  3,  11'  the  interactive  procedure 
must  preferably  be  underrelaxed  to  improve 
the  convergence  or  to  avoid  divergence.  So, 
instead  of  using  (4)  we  shoulc  use 

lvJ»+X  =  <v  J*  +  a  (dv) 1  (5) 

p  n  p  n 

in  which  i  is  the  iteration  index,  a  is  the 
underrelaxation  factor  and  dv  is  given  by 

3v 

(6> 

A  commonly  used  value  for  a  is  ca.  0.65. 

With  a=1.0  we  obtain  (4)  again. 

— ' Ihe  transfer  of  the  boundary  condition  at  S 
to  the  hull  surface  H  applies  to  that  part 
of  S  formed  by  the  edge  of  the  boundary 
layer.  However,  the  part  of  S  related  to  the 
edge  of  the  wake  transfers  to  the  centre- 
plane.  The  potential  flow  representation  in 
viscous-inviscid  interaction  computations 
requires  then  in  general  also  sources  at 
the  centreplane  in  the  wake  of  the  ship. 

In  this  paper  these  sources  are  neglected; 
the  determination  of  their  strengths  would 
require  a  continuation  of  the  boundary-layer 
calculation  into  the  wake,  which  we  were  not 
able  to  perform. 

—Of  course  a  viscous-inviscid  interactive 
procedure  is  not  restricted  to  the  use  of 
a  first-order  boundary-layer  method  for  the 
region  BLW.  A  more  sophisticated  method 
might  be  used  as  well,  provided  that  (1)  and 
(4)  are  modified  accordingly. 


3.  DESCRIPTION  OF  CALCULATION  MODULES 


From  the  preceding  section  the 
calculation  procedure  appeared  to  consist 
of  an  iterative  application  of  calculation 
methods  for  potential  flow  and  boundary- 
layer  flow  respectively.  In  this  section 
a  brief  description  will  be  given  of  the 
main  features  of  these  two  calculation 
modules  as  well  as  of  the  module  which 
couples  them. 

3.1.  Potential  Flow 


The  potential  flow  calculations  in  this 
paper  have  been  made  with  the  Hess  &  Snuth 
source-panel  method  (Ref.  12).  Since  the 
method  is  well-known  and  well-documented  it 
suffices  here  to  say  that  it  is  based  or  a 
flow  representation  bv  a  dicretised  source 
distribution  on  the  hull  surface.  The 
strength  of  the  sources  is  found  from  the 
boundary  condition  for  the  normal  velocity 
at  the  hull  surface. 

In  the  present  calculations  use  has 
been  made  of  three  symmetry  planes.  The  cen- 
treplane  is  a  genuine  symmetry  plane  and  so 
is  the  undisturbed  free  surface  in  the 
double-model  approach.  The  midship  section 
plane  (X/L=0.5)  on  the  other  hand  is  not  a 
true  symmetrv  plane.  It  was  nevertheless 
used  as  such*  because 

-we  are  interested  here  in  the  stern  flow 
only 

-a  symmetry  plane  doubles  the  effective 
number  of  source  elements  and  thus  allows 
a  more  detailed  body  representation  at  the 
same  computation  time. 

-the  approximate  representation  of  the 
forebody  by  the  afterbody  does  not  s; inifi- 
cantly  affect  the  accuracy  of  the  flow 
prediction  at  the  stern. 

In  the  present  application  about  800  source 
panels  were  used  for  one  half  of  the  after¬ 
body,  giving  about  6400  panels  for  the  com¬ 
plete  double  model. 

3.2.  Boundary-Layer  Flow 

In  the  boundary-layer  computation 
method  the  first-order,  3-D  boundary-layer 
equations  are  solved  in  a  body-fitted, 
orthogonal  coordinate  system.  The  method 
of  solution  belongs  to  the  class  of  diffe¬ 
rential  methods.  Two  finite-difference 
schemes  are  employed,  viz.  the  Crank - 
Nicolson  scheme  and  the  Krause  "zig-zag" 
scheme.  Both  are  implicit  and  unconditional¬ 
ly  stable  in  y-direction.  In  x  and  z-direc- 
tion  they  are  explicit  and  where  necessary 
the  step-size  in  x-direction  is  reduced  to 
meet  the  Courant-Friedrichs-Lewy  condition. 
The  turbulent  shear  stresses  are  calculated 


•incidentally  it  is  noticed  that  the  X/L=0.5 
plane  is  a  sysaaetry  plane  in  geometrical 
sense  {positioning  of  source  panels)  only. 
It  is  an  anti-synsaetry  plane  for  the  source 
strengths:  a  source  at  the  afterbody  is 
complemented  by  a  sink  at  the  forebody  and 
vice  versa. 


in  accordance  with  the  isotropic-eddy- 
viscosity  hypothesis.  The  eddy  viscosity  is 
determined  with  a  two-equation  turbulence 
model  {k-kl,  N’g-Spalding ,  Ref.  13).  For  more 
information  the  reader  is  referred  to  Refs  8 
and  14. 

The  computation  domain  for  ti.e  present 
boundary-layer  calculations  covered  the 
region  0.55<^<0.95.  Within  that  domain  we 
marched  about  100  steps  in  x-direction,  while 
the  number  of  mesh  points  in  y  and  z-direc- 
tion  was  40  and  28  respectively. 

3.3.  Coupling  Module 


A  third  module  is  required  to  link  the 
two  flew  calculations  and  to  control  the 
iteration  process.  In  this  module  the 
relevant  output  of  the  boundary- layer  program 
is  recast  into  a  form  suitable  for  input  co 
the  potential-flow*  program.  The  x-steps  ir. 
the  boundary-layer  calculations  were  chosen 
such  as  to  conform  with  a  column  of  centroids 
of  source  panels  (which  is  approximately  a 
line  x=constant) ,  so  one-dimensional 
interpolation  sufficed  to  transfer  the 
normal-velocity  data  from  boundary- layer 
grid  points  to  centroids  of  source  panels. 
l?e  used  linear  interpolation.  The  new  value 
of  (va)H  at  the  jth  source  element  was 
determined  by  substituting  for  the  variables 
in  (5)  and  (6)  their  local  values.  For  those 
source  panels  located  outside  the  domain 
of  the  boundary- layer  calculations  (vn)j.; 
was  guessed:  over  some  distance  downstream 
of  the  domain  it  was  found  by  extrapolation 
of  the  data  calculated  within  the  domain  and 
at  the  hull  surface  above  the  propeller  (ve) ^ 
was  put  zero. 

The  outer-edge  boundary  condition  for 
the  boundary-layer  caxculation  was  obtained 
with  two-dimensional  spline  interpolation  in 
the  output  of  the  potential-flow  program. 


4.  RESULTS  AND  DISCUSS IPX 


The  results  to  be  presented  were 
obtained  for  a  Reynolds  number  based  on  ship 
lengtii  and  advance  speed  of  Rn=l. 07*10'.  Ke 
started  with  the  data  obtained  in  Ref.  8 
with  the  conventional  approach:  a  potential 
flow  calculation  with  v.H=0  at  the  hull 
surface  and  the  subsequent  boundary-layer 
calculation.  Where  the  latter  broke  down  a 
guess  had  to  be  made  of  the  normal  velocity. 

Our  initial  choice  of  the  value  of  the 
underrelaxation  factor  a,  taker,  equal  in  the 
whole  computation  domain,  was  a=0.5  in  the 
first  iteration,  rather  low  because  of  the 
complex  nature  of  the  flow.  In  Fig.  2  the 
distribution  of  (Vjj)s-c  Ov_/3v)  (which  we 
shall  denote  as  v*  henceforth!  obtained  ir. 
the  first  iteration  is  compared  with  the 
original  values  at  a  station  near  X/L=0.8. 
What  was  originally  a  maximum  has  become  * 
minimum  now  and  two  new  peaks  appear,  of 
which  one  is  higher  than  the  original  peak. 
Apparently  the  underrelaxation  factor  is 
still  too  great. 

We  recall:  perturbation  theory 
indicates  that  the  result  of  the  first 
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Fig.  2.  Influence  of  relaxation  factor  on 
normal  velocity  distribution, 

X/L-0 . 80 

iteration  with  a=1.0  (!)  should  yield  an 
improved  solution.  It  is  evidently  inappro¬ 
priate  when  it  is  applied  to  a  case  where  6 
is  not  really  small  as  on  the  present  ship. 
Considering  our  results,  it  is  surprising 
that  Nagamatsu  (Ref.  7) ,  who  applied  this 
single-iteration  process  without  underrelaxa¬ 
tion  with  apparent  success  to  two  ships,  did 
not  experience  anomalies.  A  detailed 
comparison  of  his  calculation  method  with 
ours  and  of  the  ways  in  which  the  two  methods 
were  applied  is  needed  to  reveal  the  reason 
for  that. 

The  results  obtained  with  a=0.5  were 
rejected  and  we  proceeded  with  a  lower  value 
for  a  and  an  additional  reduction  of  the 
peaks: 

(vp)^+1=  (vp)^+0.2(dv)i{l-2|dv|i}  (7) 

where  dv  is  again  given  by  (6) .  We  made  five 
iterations,  increasing  a  to  0.4  in  the 
fourth  iteration  and  using  in  the  last 
iteration  values  for  a  which  varied  over  the 
computation  domain  (0.4<a<0.8)  to  obtain  as 
far  as  possible  a  converged  state. 

In  the  forward  part  of  the  calculation 
domain  (0.55<X/L<0.75) ,  where  the  interac¬ 
tion  is  weak,  full  convergence  was  obtained 
without  trouble.  As  a  matter  of  fact  it  could 
have  been  obtained  with  fewer  iterations  than 
five.  Fig.  3  gives  some  results  at  X/L=0.74. 
The  Vjt  distribution  is  primarily  changed  in 
the  region  where  it  shows  a  typical  maximum- 
minimum  pattern.  The  extremes  are  reduced 
to  about  half  their  original  value  and  the 
maximum  of  the  displacement  thickness  6^  has 
slightly  decreased. 


Fig.  3.  Distributions  of  normal  velocity  and 
displacement  thickness,  X/L=0.74. 


Further  aft,  around  X/L=0.8,  some 
discrepancies  between  (Vp)a  and  v*  remained 
after  the  fifth  iteration.  These  discrepan¬ 
cies  could  not  be  removed:  the  resolution 
obtained  with  'the  girthwise  source  panel 
distribution  and  the  finite-difference  grid 
was  insufficient.  Results  at  X/L=0.8  are 
given  in  Fig.  4.  We  notice  the  shift  of  the 
6 1 -maximum. 

Still  closer  to  he  stern  the  iteration 
process  diverged;  especially  the  minimum 
value  of  v*  decreased  more  rapidly  than  the 
associated  (vp)H,  We  shall  return  to  this 
divergence  in  a  while,  but  first  some 
additional  results  will  be  presented.  Fig.  5 
shows  the  potential  flow  streamlines  on  the 
hull  surface  without  interaction  and  the 
corresponding  lines  with  interaction  (deter¬ 
mined  by  disregarding  the  normal  velocity  at 
the  hull  surface  which  causes  that  the  hull 
surface  is  not  a  stream  surface  actually; . 

The  results  of  a  paint-flow  test, 
visualising  the  limiting  streamlines,  are 
the  only  data  available  for  an  experimental 
verification  of  the  calculated  results.  A 
comparison  of  the  measured  and  calculated 
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Fig.  4.  Distributions  of  normal  velocity 

and  displacement  thickness,  X/L=0.8. 


direction  of  the  limiting 
streamlines  is  made  in  Fig.  6.  The  figure 
gives  computed  results  with  and  without 
viscous-inviscid  interaction.  The  shift  in 
the  position  of  maximum  crossflow  conver¬ 
gence,  corresponding  with  the  earlier-men¬ 
tioned  shift  of  the  6 i -maximum  and  calculated 
as  an  effect  of  viscous-inviscid  interaction, 
leads  to  a  better  correspondence  between 
measurements  and  calculations  up  to 
X/L=ca.  0.85.  Further  aft  the  correlation 
remains  poor.  In  this  region  the  iteration 
process  diverged  and  it  is  appropriate  to 
consider  this  divergence  more  closely  now. 

The  iteration  process  diverges  when 

| (dv) 1+1 | > | (dv)1!  (8) 

Suppose  for  convenience  that  both  (dv)i+1 
and  (dv) 1  are  positive  (when  (dv) i+1  and 
(dv)^  are  both  negative  the  analysis  proceeds 
analogously;  opposite  signs  of  (dv)i+'  and 
(dv)i  can  be  avoided  by  a  suitable  choice 
of  the  value  of  a).  By  substitution  of  (6) 
in  (8)  we  obtain 

AvJt>A(vp)H  (9) 


where  A  indicates  the  change  between  two 
successive  iterations;  A(  )=(  )i+1-{  )i.  The 
velocity  v*  is  a  complicated,  non-linear 
function  of  the  (vp)n  distribution.  But 
following  Brune  et  al. (Ref.  15)  we  may 
linearise  this  functional  relation  if 
| A ( Vp) h 1  is  sufficiently  small  and  after 
discretising  to  centroids  of  source  panels 
may  write  Av*  at  the  jth  source  element  as 

1101 

where  N  is  the  number  of  source  elements  and 
P j jc  is  the  matrix  of  influence  coefficients 

dlVi 

dt(vPVk 

Substitution  of  (10)  in  (9)  yields  that 
divergence  occurs  when 


The  minus  sign  in  (10)  has  been  introduced 
to  make  Pjj>0  in  normal  circumstances.  This 
can  be  illustrated  v>ith  e.g.  the  well- 
known  fact  that  the  flow  in  the  inner  part 
of  the  boundary  layer  reacts  on  a  lateral 
pressure  gradient  with  much  stronger  stream¬ 
line  curvature  than  the  external  flow.  A 
positive  {a(Vp)H}j  results  in  a  change  of 
the  pressure  gradients  that  decreases  the 
streamline  convergence  of  the  potential  flow; 
the  expected  stronger  decrease  of  the 
streamline  convergence  in  the  boundary  layer 
gives  a  negative  (Avx)j,  so  Pjj>0. 

A  "local"  reaction  of  the  boundary 
layer  on  a  change  in  the  potential  flow  can 
be  identified  with  the  case  that  the 
condition 


P.  .  > 
33 


N 

E  ,Pik! 
k=l 


is  satisfied,  i.e.  the  change  of  (v*) j  is 
largely  determined  by  A(vp)jj  at  the  same 
position  j.  Comparing  (11)  and  (12),  we  see 
that  with  such  a  local  reaction  divergence 
is  unlikely  (although  not  strictly 
excluded).  Usually  (vx) j  and 
{A(Vp){j}j  will  be  of  opposite  sign,  and  the 
difference  dv  is  quickly  reduced.  It  is 
this  behaviour  that  is  implicitly  assumed 
in  the  iteration  procedure. 

When,  on  the  other  hand,  Afv*)^  is 
mainly  determined  by  A(Vp)H  at  a  different 
position  k  large  value  of  | P jk I #  and  a 
small  or  even  negative  Pjj),  there  is  a 
large  risk  of  divergence.  Such  a  non-local 
reaction  can  occur  when  the  flow  experiences 
a  lateral  pressure  gradient;  as  a  result  of 
the  stronger  streamline  curvature  in  the 
inner  part  of  the  boundary  layer,  the 
location  where  the  inner-flow  streamlines 
come  nearer  to  each  other  (j)  can  then 
differ  from  the  corresponding  location  for 
the  outer  flow  (k) .  This  means  a  significant 
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Fig.  7.  Flow  on  a  infinite  swept  cylinder. 

positive  value  of  Pj^,  and  opposite  signs  of 
{u (Vp) h J j  and  (MVp)H}k  (as  occurring  e.g.  in 
the  maximum-minimum  pattern,  Fig.  4)  can  make 
the  iteration  procedure  divergent. 

One  can  get  some  appreciation  for  what 
happens  by  considering  the  application  of 
the  present  iterative  surface  transpiration 
method  to  the  flow  past  an  infinite  swept 
cylinder  (Fig.  7).  The  original  external  flow 
streamlines  are  schematically  drawn  by  solid 
lines  in  Fig.  7a.  The  limiting  streamline 
pattern  indicated  by  solid  lines  in  Fig.  7b 
is  conceivable  as  being  associated  with  them. 
The  corresponding  v^-distribution  will  then 
resemble  that  in  Fig.  7c  (again  solid  lines) : 
where  the  inner  flow  converges*,  the 
boundary  layer  gives  a  strong  ejection 
((Vb>s  large)  while  the  potential  flow  only 
slightly  converges  (S(8Vp/3y)  small);  where 
the  potential  flow  converges  (at  the  trailing 
edge)  the  inner  flow  diverges.  In  the  next 
iteration  sinks  will  be  placed  at  the 
trailing  edge  and  sources  where  v*>0,  The 
changes  due  to  these  additional  sources  and 
sinks  are  indicated  by  the  dotted  lines  in 
Fig.  7.  The  potential  flow  streamlines  show 
a  wiggle  (compare  Fig.  5)  and  as  a  result 
the  pattern  of  limiting  streamlines  is 
likely  to  show  some  more  envelopes. 

Important  now  is  that  the  sinks  placed  at 
the  trailing  edge  have  not  succeeded  to 


•streamline  convergence  /divergence  has  to 
be  clearly  distinguished  from  convergence/ 
divergence  of  the  iteration  process. 


bring  about  a  convergence  of  the  inner  flow 
at  the  trailing  edge  itself.  Instead,  the 
inner  flow  converges  at  a  position  slightly 
upstream  where  a  new  peak  of  v*  appears.  As 
a  result  of  this  the  condition  (11)  may  be 
satisfied  and  the  iteration  process  diverges. 

The  question  whether  this  behaviour  is 
necessarily  associated  with  vortex-layer 
separation,  as  in  the  above  example,  or 
more  generally  with  the  occurrence  of  strong 
cross-flow  variations  cannot  be  answered 
before  a  definition  of  the  start  of  this 
type  of  separation  is  given.  But  the 
possible  relation  with  vortex-layer 
separation  recalls  the  fact  that  the 
boundary-layer  equations  show  singular 
behaviour  at  a  separation  line  (Ref.  16,  17). 
One  could  speculate  that  the  divergence  of 
the  iteration  scheme  is  due  to  this  singular 
behaviour.  To  overcome  the  divergence 
problem,  two  possibilities  might  then  be 
suggested.  Either  an  inverse  boundary-layer 
method  (e.g.  based  on  the  prescription  of 
the  displacement  thickness  instead  of  the 
outer  edge  velocity)  could  be  adopted,  or 
we  could  abandon  the  thin  shear  layer 
approximations  and  solve  the  y-momentum 
equation.  In  both  cases  the  singularity  is 
avoided;  the  latter  method  has  the  additional 
advantage  of  being  more  accurate  in 
flows  like  the  present  one:  the  large  values 
of  the  normal  velocity  as  calculated  make 
the  assumption  (1)  dubious  and,  as  a  consequence 
the  coupling  at  S  inaccurate,  such  that  a 
solution  based  on  the  thin  shear  layer 
approximations  will  represent  the  interac¬ 
tion  effect  only  qualitatively. 


However,  in  our  opinion  it  is  not  a 
singularity  (which  is  a  result  of  the  boun¬ 
dary-layer  approximation)  that  causes  the 
divergence,  but  the  physical  phenomenon  that 
we  have  called  a  "non-local  reaction".  This 
phenomenon  seems  to  be  a  characteristic  of 
thick  three-dimensional  boundary  layers, 
irrespective  of  their  mathematical 
description.  In  the  case  of  the  infinite 
swept  cylinder,  avoiding  the  singularity  in 
one  of  the  ways  mentioned  would  prevent 
possible  pathological  behaviour  resulting 
from  that  singularity  but  would  not  be  a 
guarantee  for  convergence  of  the  iteration 
process . 

This  implies  that  improvement  of  the 
iterative  approach  can  only  be  obtained  by 
a  better  iteration  control.  What  we  did  is 
applying  a  strictly  local  iteration  process 
in  which  the  new  value  of  (vp)fl  is  determined 
by  local  values  of  (vj^s/  6 (3vp/3y)  and  (vp)g 
of  the  previous  iteration.  One  might  think 
of  an  iteration  process  in  which  (vp)H  is 
made  dependent  on  the  results  in  a  region 
surrounding  the  point  of  application.  We  did 
not  attempt  such  an  approach:  even  if  it 
will  be  made  successful  for  the  present  test 
case,  it  is  hard  to  imagine  that  such  a 
process  can  be  fully  self-controlled,  which 
reduces  its  practical  value. 

Thus,  we  come  to  the  conclusion  that 
probably  the  only  practical  way  to  deal  with 
viscous-inviscid  interaction  in  a  case  as 
the  present  one  is,  to  abandon  the  thin 
shear  layer  approximation  and  to  solve  the 
viscous  and  inviscid  flow  problems 
simultaneously,  instead  of  alternately. 

Though  simpler  and  more  economical  methods 
like  the  one  applied  in  the  present  study 
may  be  successful  in  certain  cases,  they 
remain  liable  to  break  down,  and  their 
applicability  to  the  flow  past  a  ship 
afterbody  will  be  limited. 

5.  CONCLUSIONS 

In  an  attempt  to  improve  the  predic¬ 
tion  of  the  flow  near  the  stern  of  a  ship 
at  Rn=1.07xl07 ,  an  iterative  viscous-inviscid 
interaction  procedure  has  been  applied.  A 
calculation  method  based  on  first-order 
boundary- layer  theory  was  used  for  the 
viscous  flow  and  a  surface  singularity 
method  for  the  inviscid  flow.  Although  the 
application  has  been  restricted  to  one  hull 
form,  we  believe  that  the  conclusions  drawn 
from  the  present  study  and  summarised  below 
have  a  wider  validity  and  apply  to  a  lot  of 
merchant-ship  hull  forms. 

This  work  showed  that 

1.  A  viscous-inviscid  interaction  procedure 
based  on  a  single  iteration  without 
underrelaxation  does  not  give  meaningful 
results  for  ships  at  Rn*107. 

2.  Where  the  viscous-inviscid  interaction 
procedure  can  be  made  to  converge,  the 
results  show  an  improvement  of  the  flow 
prediction. 

3.  Divergence  of  the  iteration  process  can, 
however,  occur  near  the  stern  due  to  a 
non-local  reaction  of  the  boundary  layer 


on  a  change  in  the  potential  flow.  It 
is  likely,  that  any  iterative  procedure 
ignoring  this  non-local  reaction  will 
diverge  close  to  the  stern,  irrespective 
of  the  fact  whether  it  is  based  on  the 
thin  shear  layer  approximations  or  not. 

4.  The  divergence  might  be  prevented  by 
application  of  a  non-local  iteration 
procedure,  but  this  will  be  difficult  to 
prescribe.  After  all,  the  simultaneous 
calculation  of  the  viscous  and  inviscid 
flow  may  be  the  only  reliable  means  to 
handle  the  viscous-inviscid  interaction 
problem  for  ships.  Such  an  approach 
implies  the  abandoning  of  the  thin-shear- 
layer  approximations. 
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Discussion 


T.  Nagamatsu  (MHi) 

The  authors  applied  the  iterative  pro¬ 
cedure  with  underrelaxation  method  to  the 
calculation  of  the  interaction  between  the 
boundary  layer  and  the  external  inviscid 
flow,  and  obtained  an  improvement  of  the 
flow  prediction.  I  would  like  to  express 
my  appreciation  to  the  authors  for  their 
presentation  of  this  valuable  paper. 

The  authors  pointed  out  that  a  detailed 
comparison  between  the  calculation  method 
of  the  authors  and  that  of  the  present  dis¬ 
cusser  is  needed  in  order  to  make  clear 
the  reason  why  the  present  discusser's 
calculations  without  underrelaxation  did 
not  result  in  anomalies. 

X  would  like  to  express  my  view  on 
this  matter  as  follows.  In  my  calculations, 
the  velocity  potential  including  the  vis- 
cous-inviscid  interaction  was  obtained  by 
solving  the  Neumann  problem  under  the 
boundary  condition  with  normal  velocity  V,. 
The  initial  distributions  of  the  normal 
velocity  V*  for  a  cargo  ship  model  [Ref .1) ] 
is  shown  in  Fig. A  as  an  example. 


It  is  observed  that  V,  at  8  =  -60° 
and  9  =  -70®  varies  incredibly  near  the 
stern.  I  thought  this  is  doubtful  as  phys¬ 
ical  phenomenon  and  is  due  to  the  unrelia¬ 
ble  results  of  the  boundary  layer  calcula¬ 
tion  near  the  stern  where  the  numerical 
breakdown  occurs. 

V*  values  near  the  stern  were,  there¬ 
fore,  obtained  by  the  extrapolation  method 
using  V*  far  the  stern.  The  distribution 
of  the  extrapolated  values  of  V*  is  also 
shown  in  Fig .A. 

This  intuitive  procedure  seems  to 
have  a  similar  function  as  your  underre¬ 
laxation  procedure. 

Only  one  iteration  was  made  in  my 
calculation.  In  this  calculation  I  in¬ 
ferred  that  the  first  iteration  represents 
major  part  of  viscous-inviscid  interaction. 
However,  I  have  not  examined  yet  the  valid¬ 
ity  of  my  conjecture. 

It  would  be  grateful  if  you  could 
show  us  the  results  of  the  first  iteration 
in  Fig. 3. 
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G.E.  Gadd  (Nm 


The  attempt  made  by  the  authors  to 
solve  the  boundary  layer  equations  allowing 
far  the  interaction  with  the  external  flow 
is  praiseworthy,  even  though  the  results 
obtained  so  far  are  disappointing.  There 
are  only  real  signs  of  improvement  upstream 
of  station  0.75.  Downstreat  of  this,  in¬ 
stabilities  in  the  solution  become  evident, 
particularly  in  the  region  where  the  poten¬ 
tial  flow  streamlines  converge. 

I  attempted  a  very  crude  assessment  of 
the  interaction  effect  in  Ref .1) ,  making 
some  allowance  for  the  fact  that  where  a 
ridge  of  locally  thickening  boundary  layer 
develops,  as  along  a  region  of  streamline 
convergence,  the  external  flow  will  tend  to 
flow  down  the  sides  of  this  ridge,  modify¬ 
ing  the  assumed  streamline  convergence. 

To  incorporate  this  effect  I  had  to  set  up 
an  iteration  scheme  in  which  the  terms  ir. 
the  boundary  layer  equations  involving  cros¬ 
swise  velocity  derivatives  were  multiplied 
by  a  factor  which  was  initially  small  but 
was  gradually  increased  to  unity  as  the 
iteration  proceeded.  Would  such  an  idea 
be  useful  to  the  present  authors,  perhaps 
in  terms  of  the  derivatives  parallel  to 
the  framelines  ? 

Ref.  1) ,  Gadd,  G  E,  "A  simple  calculation 
method  for  assessing  the  quality  of  the 
viscous  flow  near  a  ship's  stern"  Paper 
presented  at  International  Symposium  on 
Ship  Viscous  Resistance,  SSPA,  Goteborg, 
Sweden,  1978 


V.C.  Patel  <Urnv  of /oi-.a; 

I  would  like  to  relate  two  recent  ex¬ 
periences  we  have  had  at  Iowa  which  have  a 
bearing  on  the  subject  of  this  paper.  First, 
we  have  continued  to  develop  a  method  for 
the  solution  of  the  flow  over  the  tail  of 
a  body  of  revolution  using  a  viscous-inviscid 
matching  technique.  The  convergence  of  the 
iterative  procedure  has  been  found  to  depend 
very  critically  on  the  treatment  of  the 
viscous  flow  very  near  to  the  tail  and  in 
the  near  wake  due  to  the  high  sensitivity 
of  this  flow  to  small  changes  in  the  pres¬ 
sure  field.  In  view  of  this,  I  would  like 
to  ask  the  authors  whether  the  neglect  of 
the  wake  in  their  analysis  may  be  responsi¬ 
ble  for  the  lack  of  convergence. 

Secondly,  we  have  made  measurements  in 
the  boundary  layer  on  u  body  of  revolution 
at  15°  incidence  (to  be  published  in  J. 

Fluid  Mech)  which  contain  many  of  the  fea¬ 
tures  observed  on  ship  sterns,  e.g.  rapid 
thickening  of  the  boundary  la>  er  in  the 
transverse  direction,  large  and  reversing 
crossflow  and  vortex  formation.  The  mea¬ 
sured  surface  pressure  distributions  were 
compared  with  potential  flew.  The  sub¬ 
stantial  differences  between  these  indicate 
a  alobal  ("non-local")  influence  of  the 


viscous-inviscid  interaction,  similar  to 
that  observed  by  the  authors,  in  spite  of 
the  fact  there  was  no  reversal  of  the  pri¬ 
mary  flow.  I  would  therefore  recommend 
that  future  experiments  include  a  detail 
pressure  survey.  This  would  serve  two  pur¬ 
poses:  first,  the  measured  pressure  field 
can  be  used  to  assess  the  accuracy  of  the 
viscous-flow  calculation  methods  independ¬ 
ently  of  the  interaction  with  the  external 
flow,  and  second,  enable  the  evaluation  of 
the  procedures  used  to  allow  for  the  influ¬ 
ence  of  the  viscous  flow  on  the  outer  in- 
viscid  flow.  In  short,  it  is  desirable  to 
have  a  complete  set  of  data  to  guide  the 
development  of  viable  analytical  models. 


P.  Bradshaw  ( imperial  College  of  So  and  Tech ) 


The  authors  are  to  be  congratulated 
on  their  contribution  to  a  difficult  prob¬ 
lem.  Their  identification  of  "non-local 
reaction"  of  the  shear  layer  to  a  change  in 
potential  flow  as  the  main  cause  of  diffi¬ 
culty  seems  likely  to  be  close  to  the  truth 
However  lifting  airfoils  are  an  example  of 
even  stronger  non-local  reaction  and  there 
it  is  possible  to  obtain  solutions  even  at 
incidences  fairly  close  to  the  stall.  The 
problem  with  the  rapidly-thickening  ship 
boundary  layer  is  probably  that  the  use  of 
the  boundary  layer  equations  prevents  the 
propagation  of  upstream  influence  within 
the  shear  layer  so  that  -  to  put  it  crude¬ 
ly  -  external-flow  pressure  changes  take 
the  shear  layer  by  surprise.  Oddly  enough, 
upstream  (x-wise)  infl-  tnce  is  permitted 
if  the  y-momentum  equation  is  properly 
solved.  As  we  have  shown  (Ref.l))  the  iter 
ative  solution  of  the  resulting  elliptic 
system  of  shear  layer  equations  can  be  com¬ 
bined  with  the  viscous-inviscid  matching 
iteration  so  that  programming  complications 
and  increases  in  run  times  are  not  severe  : 
also  p(y)»  being  a  smoothly-varying  func¬ 
tion,  can  be  stored  from  iteration  to  iter¬ 
ation  as  the  coefficients  of  a  low-order 
polynomical  at  each  x,z.  Furthermore,  the 
geometrical  coefficients  (metrics)  should 
be  included  whenever  the  boundary  layer 
becomes  thick  whether  the  y-component  mo¬ 
mentum  equations  is  being  solved  or  not. 

I  hope  that  these  comments  will  en¬ 
courage  the  authors  to  look  again  at  the 
normal -component  momentum  equation  J 
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A.Y.  Odaba$i  iBSm 


The  autnors  presented  a  very  well 


written  paper  which  summarises  their  re¬ 
search  at  N.S.M.B.on  the  computation  of 
flow  around  the  aft-ends  of  ships.  Since 
we  had  similar  research  activities  at 
B.S.R.A.  for  the  last  six  years  the  remarks 
I  shall  make  will  be  of  a  complementary 
nature  to  the  views  expressed  in  the  paper 
and  I  shall  also  attempt  to  suggest  some 
explanation  and  remedies  for  the  problems 
reported  by  the  authors. 

The  authors  start  by  stating  the  limi¬ 
tations  imposed  on  a  thin  shear  layer  ap¬ 
proximation.  If  one  follows  the  strict 
perturbation  approximation  (E-theoretical 
approach!)  their  criticisms  are  certainly 
valid.  However,  the  real  test  for  any 
theoretical  approach  is  their  ability  to 
predict  the  real  flew  situation  and  if  some 
of  the  higher  order  terms  (not  all  of 
them)  in  the  transport  and  closure  equa¬ 
tions  are  large  enough  it  is  advantageous 
to  retain  these  terms.  In  our  experience 
the  use  of  such  a  pragmatic  approach  is 
preferable  to  the  perturbation  since  the 
development  of  a  more  systematic  approach 
will  require  the  accumulation  of  detailed 
experimental  data.  One  such  approach  is 
the  fairly-thin  shear  layer  approach  of 
Bradshaw  1)  .  The  use  of  this  approach 
for  90°  bend  25  and  for  the  flow  around 
the  aft-ends  of  ships  3)  demonstrated 
reasonable  success  in  predicting  flow 
features. 

The  next  point  raised  by  the  authors 
is  the  compatibility  of  a  matching  surface 
with  a  shell-geometric  coordinate  system. 
They  state  that  they  preferred  to  use  a 
varying  boundary  layer  edge  surface  at  each 
iteration  to  be  compatible  with  the  shell- 
geometry  concept  of  boundary  layer  theory. 
However,  a  strict  analysis  conducted  by 
wesseling  4)  indicates  that  the  only  real 
constraint  is  the  requirement  that  one  of 
the  coordinate  lines  should  be  aligned 
with  the  body  normal  due  to  the  semi-invar¬ 
iant  nature  of  the  boundary  layer  equa¬ 
tions.  Furthermore,  it  is  known  in  prac¬ 
tice  small  misalignments  with  the  body 
normal  (up  to^O0)  do  not  produce  any 
significant  inaccuracy.  Use  of  polar  cy¬ 
lindrical  coordinates  for  laminar  and  tur¬ 
bulent  flow  computation  around  non-axisym- 
metric  bodies  are  examples  of  such  appli¬ 
cations,  cf.  Ref. 5), 6).  Therefore,  if  the 
authors  would  choose  an  appropriate  fixed 
matching  surface  some  of  the  difficulties 
they  have  encountered  might  have  been 
avoided . 

The  authors  report  a  divergence  mech¬ 
anism  in  their  interaction  scheme  which 
they  call  the  "non-local  reaction",  and 
they  interpret  it  as  a  physical  phenomenon 
and  propose  the  abandoning  of  the  thin- 
shear-layer  approximation.  Although  I  can 
agree  with  their  conclusion  on  the  non¬ 
local  behaviour  of  interaction  it  is  hard 
to  accept  their  proposal  since  it  can 
easily  be  avoided  by  a  suitable  choice  of 
the  numerical  calculation  scheme.  Since 
this  is  one  of  the  most  important  conclu¬ 
sions  of  the  paper  I  shall  try  to  expand 


the  subject  somewhat  further  to  bring  the 
non-local  behaviour  into  a  proper  context 
as  done  in  Ref .7)  . 

In  a  viscous-inviscid  interaction 
(within  the  limits  of  thin-shear-layer  the¬ 
ory)  one  matches  the  solutions  determined  in 
two  different  regions  governed  by  different 
equations.  Within  the  boundary  layers  these 
equations  are  parabolic  (or  hyperbolic  de¬ 
pending  on  the  turbulence  model)  and  outside 
the  boundary  layer  they  are  elliptic. 
Therefore,  any  change  in  the  boundary  con¬ 
ditions  of  the  elliptic  problem,  even  when 
they  are  local,  will  influence  solution  in 
a  neighbourhood  of  the  location  of  change 
(theoretically  within  the  entire  domain) . 
Furthermore,  since  the  solution  of  the 
elliptic  problem  determines  the  boundary 
conditions  of  the  parabolic  problem  these 
non-local  changes  will  also  produce  a  non¬ 
local  change  in  the  boundary  layer  calcula¬ 
tion  and  alter  the  solution  within  the  do¬ 
main  of  influence  of  the  boundary  region 
where  the  changes  take  place.  One  should 
therefore  expect  numerical  inscabilities  if 
a  local  procedure  is  employed  to  account 
for  the  interaction  unless  the  boundary 
surface  is  planar  and  parallel  to  the  main¬ 
stream  direction. 

When  an  improved  shear  layer  model  is 
used  the  problem  becomes  slightly  more  com¬ 
plicated  because  now  the  shear  layer  equa¬ 
tions  too  become  elliptic,  cf.  Refs. 2), 6). 
The  use  of  partially-parabolic  (or  hyper¬ 
bolic)  solution  techniques  where  the  normal 
momentum  equation  is  solved  out-of-core  and 
the  results  are  carried  upstream  at  every 
iteration,  can  resolve  difficulty  provided 
that  the  newly  calculated  pressure  values 
are  used  during  the  next  iterative  sweep 
(Jacobi  iteration)  instead  of  the  same  it¬ 
eration  sweep  (Gauss-Seidel  iteration) . 

The  authors  relate  the  divergence  in 
their  interaction  scheme  to  the  presence 
of  either  a  vortex-layer  separation  or  the 
occurrence  of  strong  cross-flow  variations. 
Since  the  Krause  integration  method,  em¬ 
ployed  by  the  authors,  is  unconditionally 
stable  and  has  successfully  been  applied 
for  flows  with  cross-flow  reversal,  cf. 
Dwoyer  et.  al.8),the  physical  justification 
of  this  explanation  is  highly  unlikely. 

In  the  light  of  the  previous  discussions 
it  is  quite  possible  that  the  authors  fell 
into  one  of  the  unfortunate  traps  of  nu¬ 
merical  fluid  dynamics. 
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Author’s  Reply 


M.  Hoekstraand  H.C.  Raven  (NSMBi 

We  are  glad  to  learn  from  Mr.  Naqamatsu 
that  he  did  not  apply  an  iteration  scheme 
with  a  =  1.0,  actually.  His  introduction 
or  an  intuitive  approach  is  a  confirmation 
of  the  first  conclusion  of  our  paper. 

We  cannot  show  results  of  the  first 
iteration  without  underrelaxation  because 
we  never  tried  to  obtain  such  results,  an¬ 
ticipating  them  to  be  inappropriate  anyway. 

Dr.  Gadd  suggests  to  reduce  the  influ¬ 
ence  of  crosswise  derivatives  to  avoid  the 
divergence  of  the  iteration  process.  Indeed 
the  crosswise  derivatives  have  a  dominant 
influence  and  a  complete  or  almost  complete 
deletion  of  such  terms  would  prevent  trou¬ 
ble.  However,  we  expect  that  on  letting 
these  terms  gradually  appear  again  the  di¬ 
vergence  of  the  iteration  process  will  be 
an  accompanying  feature.  Nevertheless  the 
suggestion  is  worth  a  try.  Prof.  Patel 
asks  whether  the  neglect  of  singularities 
in  the  wake  may  be  responsible  for  the  lack 
of  convergence.  We  simply  do  not  know  how 
important  the  effect  of  the  wake  is  in  cal¬ 
culations  like  the  present  ones  (3-D  flow) . 
But  the  difficulties  appear  already  at  X/L 
=  0.8  and  seem  to  be  governed  by  transverse 
gradients.  The  wake  singularities  are  not 
particularly  close  to  the  trouble  region 
and  are  expected  to  have  a  stronger  influ¬ 
ence  on  longitudinal  than  cn  transverse 


gradients. 

We  agree  with  the  further  comments  by 
Prof.  Patel. 

Both  Prof.  Bradshaw  and  Dr.  Odabasi 
have  a  different  conception  of  a  "non-local 
reaction"  than  we  have.  They  associate  it 
with  influences  carried  upstream  via  the 
pressure  field  while  we  think  that  the  prob¬ 
lem  involves  more  tha..  ..tat.  Below  we  shall 
try  to  clarify  our  ideas. 

In  both  Bradshaw's  method  and  ours  the 
pressure  field  is  fixed  within  one  itera¬ 
tion.  In  our  method  upstream  influences 
are  transmitted  only  via  the  external  flow 
(and  are  equal  along  a  normal  to  the  hull 
surface)  whereas  in  Bradshaw's  method  this 
transfer  can  take  place  via  the  external 
flow  as  well  as  within  the  shear  layer. 
Bradshaw's  arguments  thus  imply  that  the 
possibility  of  upstream  influences  within 
the  boundary  layer  is  the  essential  feature 
necessary  to  prevent  divergence.  If  we  put 
a  singularity  (say  a  sink)  at  a  point  (x9, 
zQ) ,  the  external  flow  will,  in  our  termi¬ 
nology,  react  locally  on  it,  i.e.  the  sink 
will  bring  about  a  convergence  of  the  po¬ 
tential  flow  which  is  strongest  at  (xQ,  20) 
and  weaker  in  its  surroundings.  Also  the 
boundary  layer  reacts  on  the  sink  but  not 
necessarily  in  a  similar  way;  when  there  is 
a  strong  crossflow  the  maximum  convergence 
of  the  streamlines  within  the  boundary  layer 
(and  thus  a  high  (vb) s)  may  occur  a  another 
position  ( x x,  z, ) .  The  introduction  of  a 
thick-houndary-layer  method  may  change  the 
position  (xj,  )  but  there  is  no  reason 
to  suppose  that  it  will  let  (x1#  zj)  coin¬ 
cide  with  (xQ,  zQ) .  In  the  usual  iteration 
process  one  attempts  to  reduce  (vb)s-  (va)s 
at  (x^,  zj^)  by  adding  a  source  or  a  sink*  at 
(xl»  zx)  -  not  at  (x0,  z0)  !  It  appears 
that  not  the  boundary-layer  equations  but 
this  iterative  method  is  based  on  an  inadmis¬ 
sible  simplification  for  such  cases.  We 
think  that  this  phenomenon  simply  does  not 
occur  in  2-D  flows;  it  is  a  typical  feature 
of  3-D  flows.  Inclusion  of  the  y-momentum 
equation  in  the  set  of  governing  equations 
will  undoubtedly  change  the  values  of  the 
required  blowing  velocities  but  in  our  opin¬ 
ion  it  does  not  necessarily  prevent  the 
phenomenon  that  the  boundary  layer  flow  con¬ 
verges  maximally  at  another  position  than 
that  of  the  singularity  causing  the  conver¬ 
gence.  We  conjecture  that  even  Bradshaw's 
method  would  fail  in  the  present  case,  un¬ 
less  the  outer  boundary  of  the  computation 
domain  is  chosen  so  far  from  the  body  that 
actually  a  simultaneous  calculation  of  vis¬ 
cous  and  inviscid  flow  is  made. 

To  the  further  comments  by  Dr.  Odabasi 
we  reply  as  follows. 

Our  statements  in  the  introduction  on 
abandoning  the  thin-shear-layer  approxima¬ 
tions  have  no  direct  bearing  on  any  pertur¬ 
bation  approximation.  Even  a  "pragmatic" 
method  that  tries  to  compute  a  thick-bound¬ 
ary-layer  flow  will  satisfy  the  three  char¬ 
acteristics  listed  in  our  paper.  Indeed, 
the  example  of  a  pragmatic  approach  cited 
by  Dr.  Odabasi,  viz.  the  Mahgoub/Bradshaw 
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method,  does  not  use  shell  geometry,  does 
solve  an  extra  momentum  equation  and  does 
pay  attention  to  extra  rates  of  strain. 

Contrary  to  what  Dr.  Odaba$i  seems  to 
have  read  in  our  paper  we  do  not  at  all 
prefer  to  use  a  varying  boundary-layer  edge 
surface  in  the  iteration  process.  In  the 
present  application  on  a  ship  with  locally 
a  strong  concave  curvature  the  outer  edge 
surface  is  not  uniquely  determined  when 
using  the  shell-geometry  concept.  We  there¬ 
fore  had  to  transfer  the  outer  edge  data  to 
the  hull  surface.  But  of  course  a  matching 
at  a  non-varying  outer  boundary,  provided 
that  it  is  well-defined,  is  to  be  preferred. 

Finally,  from  the  fact  that  the  numeri¬ 


cal  integration  scheme  used  is  stable.  Dr. 
Qdaba§i  concludes  that  the  physical  explana¬ 
tion  given  in  our  paper  is  unlikely.  This 
argument  is  not  altogether  clear  to  us. 
Moreover,  we  must  correct  Dr.  Odaba?i:  the 
Krause  scheme  is  conditionally  stable  for 
reverse  crossflow.  We  satisfied  the  appro¬ 
priate  condition  by  adaptation  of  the  step 
size  in  longitudinal  direction.  We  agree 
therefore  that  the  divergence  of  the  itera¬ 
tion  process  is  not  caused  by  a  numerical 
instability  due  to  the  use  of  an  inappropri¬ 
ate  difference  scheme.  But  we  never  said 
so  m  the  paper. 

We  thank  all  the  discussers  for  their 
interest  in  our  work. 
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ABSTRACT 


A  aethod  is  described  for  calculat¬ 
ing  thick  boundary  layer  and  wake  of  ships 
on  the  assumption  of  Spalding's  partially 
parabolic  flow  concept  and  K-£  model  of 
turbulence.  The  governing  equations  are 
solved  by  differential  method.  Numerical 
results  of  turbulent  properties,  velocity 
distribution  and  viscous  pressure  are 
shown  with  experiments  for  an  axisyanetric 
body  and  a  liner  ship  model.  The  turbu¬ 
lent  properties  around  the  axisynaetric 
body  can  be  predicted  well.  So  the  K-£ 
model  of  turbulence  is  considered  to  be 
more  useful  tool  than  any  other  0-  and 
l-equ*.tion  model  of  turbulence  in  con¬ 
sidering  the  turbulent  properties  in  the 
viscous  flow.  The  calculated  wake 
distributions  for  a  liner  ship  model  are 
qualitatively  coincident  with  experiment. 
Especially  the  bilge  vortex  is  seemed  to 
occur.  Through  these  numerical  examples 
the  present  method  is  confirmed  to  be 
appropriate  for  the  calculation  of  thick 
boundary  layer  and  wake  of  ships. 

NOMENCLATURE 

Alphabet  Symbols 

d  ;  draft  of  ship 

f  ;  distribution  profile  of  K 

$  ;  distribution  profile  of  C* 

sj  ;  subscripts  in  Cartesian 

coordinates 

;  length  scale  of  turbulence 

f  mixing  length 

;  maximum  radius  of  axisym- 
metric  body 


u.  w 

«i,Ui 


nc.r,  «  ; 

B  ; 

Co,C*tCx  ; 

C*  * 


Cf*  ’ 

; 

k 

L 

P,  P. 

Re 

S, 

V 


;  radius  of  outer  boundary 
;  radius  of  ship  hull 
;  velocity  components 

;  velocity  components  of 
Cartesian  coordinates 

;  distance  from  the  leading 
edge 

;  Cartesian  coordinates 

;  cylindrical  polar  coordi¬ 
nates 


beam  of  ship 

proportionality  constants 
block  coefficient 
pressure  coefficient 
CP-P#)/ifv* 

prismatic  coefficient  of 
aft  body 

distorted  terms  in  coordi¬ 
nate  transformation 

production  terms  in  K-  and 
E-equation 

viscous  terms  of  K-  and  E - 
equation 

turbulent  kinetic  energy 
length  of  ship 
static  pressures 
Prandtl/Schmidt  number 
Reynolds  Number 
source  terms 
uniform  flow  velocity 


t 

l, 

r, 


Greek  Symbols 

£ 

e 

•N 

? 

CT- 

9 * 

V 

fy.  (k,  d 


boundary  layer  thickness 
K's  dissipation  rate 
denote  r0  -'Tj 
viscosities 

distorted  cylindrical  polar 
coordinates 

density 

stress 

variable  in  fluid 
denote  K/z 

correspond  to  viscosities 


1.  INTRODUCTION 


In  solving  the  viscous  flow  around 
ships,  there  are  two  problems,  what  kind 
of  approximation  for  Navier-Stokes 
equation  should  be  adopted  and  what  kind 
of  turbulent  model  should  be  applied. 
Larsson  (1974) ,  Himeno-Tanaka(1976) , 
Okuno(1976)  and  others  chose  the  thin 
boundary  layer  approximation  and  skin 
friction  formula  instead  of  turbulent 
model,  and  solved  the  flow  around  ship 
by  integral  method.  Cebeci  et  al.(1975) 
and  Raven (19 80)  did  it  by  differential 
method.  Hoekstra(1980)  also  solved  the 
flow  around  the  bow  in  detail  by  using 
the  thin  boundary  layer  approximation. 
Although  these  methods  gave  good  results 
for  the  calculation  of  the  flow  around 
the  main  part  of  ship  hull,  it  was 
pointed  that  the  thin  boundary  layer 
approximation  was  not  adequate  for  the 
flow  around  the  ship  stern  because  in 
the  stern  region  the  boundary  layer 
became  thick  in  comparison  with  the  local 
radius  of  curvature  of  the  hull  surface. 

For  the  thick  boundary  layer  around 
ship  stern,  Nagamatsu(1980)  solved  the 
higher  order  boundary  layer  equations  by 
using  integral  method.  Soejima(1980)  also 
did  it  by  differential  method.  These 
numerical  results  showed  a  better  agree¬ 
ment  with  experiment  than  the  numerical 
results  of  thin  boundary  layer  approxi¬ 
mation.  Thick  boundary  layer  approxima¬ 
tion  is,  however,  seemed  to  be  insuffi¬ 
cient  for  the  calculation  of  the  bilge 
vortex  and  the  wake  behind  the  Stern 
region. 

For  the  calculation  of  the  flow 
around  and  behind  ship  stern,  Hatano  et 
al. (1977)  present  d  a  method  to  utilize 
vorticity  diffusKu;  equation.  Mori-Doi 
(1978)  presented  the  method  based  on  the 
concept  of  the  matched  asymptotic  expan¬ 
sion  method.  On  the  other  hand,  Spalding 
(1975)  proposed  the  partially  parabolic 
flow  concept  and  suggested  to  apply  this 


concept  with  K- £  model  of  turbulence  for 
the  flow  around  the  ship  stern. 

The  partially  parabolic  flow  concept 
is  characterized  by: 

(1)  there  exists  a  predominant  direction 
of  flow, 

(2)  the  diffusion  of  momentum  in  that 
direction  is  negligible,  and 

(3)  the  pressure  is  main  transmitter  of 
downstream  effects. 

The  Spalding's  method  is  considered  to 
have  the  following  merits: 

(1)  3-dimensional  pressure  variation  can 
be  estimated, 

(2)  the  recirculating  cross  flow  can  be 
treated,  and 

(3)  the  turbulent  properties  in  the  flow 
can  be  evaluated. 

However,  as  the  method  is  categolized 
into  the  differential  method  with  2- 
equation  model  of  turbulence  and  permits 
the  pressure  variation  in  3-dimensional 
direction,  the  numerical  techniques  are 
highly  complicated  and  are  taken  much 
more  costs.  Spalding's  method  was,  for 
the  first  time,  applied  to  the  internal 
flow  problem  by  Pratap (1975) .  Abdelmeguid 
et  al.(1978)  tried  to  apply  this  method 
""t  the  flow  around  a  tanker  model,  but 
>  accuracy  of  calculation  was  not 
wi—ugh.  Muraoka (1979 ,  1980)  refined  the 
numerical  techniques  of  this  method 
through  examining  the  effect  of  grid 
numbers  and  improving  the  inlet  condi¬ 
tions  for  K  and  £  .  But  for  the  calcula¬ 
ting  the  flow  around  and  behind  ship 
stern,  the  Splading's  method  is  still  on 
the  way  of  improving  and  developing  its 
capability. 

This  L aper  is  concerned  of  describ¬ 
ing  the  present  stage  of  Splading's 
method  clearly  and  searching  its  possibil¬ 
ity.  In  section  2,  the  fundamental 
equations  of  the  partially  parabolic  flow 
concept  and  the  K-f  model  of  turbulence 
are  derived.  And  the  boundary  conditions 
and  the  solution  procedure  are  mentioned. 
Section  3  deals  with  the  numerical 
examples.  The  calculation  method  is 
applied  to  the  flow  around  axisymmetric 
body  and  liner  ship  model,  and  the 
validity  of  the  method  is  examined.  At 
last,  the  concluding  remarks  are  written 
in  section  4. 

2.  THEORETICAL  BASIS 


2.1  Basic  Equations 


The  governing  equations  for  turbu¬ 
lent  viscous  flow  are  described  in 
tensor  notation  as  follows: 

Continuity  Equation: 

=  o  a) 
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Momentum  Equations: 


■f- ,  cl 


where  u;,  uj  (i,j=  i,2,  3)  are  velocity 
components  in  Cartesian  coordinates 
■X;,  Xj  <i.  3)  ;  p  and  f  are  the  pres¬ 

sure  and  density,  respectively; 

<T;i  ( «,  j  =  i,2, 3  3  are  the  stresses  in  the 
fluid  and  defined  by 

)  .  »' 

In  equation  (3) ,  is  effective  viscos¬ 

ity  and  defined  by 

+  c0'f-  <Vt  ,  (4) 

where  Mt  and  Mt  are  the  laminar  and 
turbulent  viscosicy,  respectively;  Co  is 
a  propotionality  constant;  K  is  the 
turbulent  kinetic  energy  and  £  is  its 
dissipation  rc.te.  The  equation  for  K 
and  £  are  given  as  follows: 

<»> 

( f  s  tih,  j )  *  Ci  ft?  e/k 

+  C2  ?  £  W  ,  (6) 


where 


T  . _ aK  -r  ,  _  where 


R;t  '9Xj. 


In  these  equations,  Pr,*  and  Pr, 6  are 
Prandtl/Schmidt  Numbers:  C*  and  Ci  are 
proportionality  constants.  The  values 
of  Cp.  Ci.  Ci  ,  R-,  |c  and  are 

shown  in  Table  1  (Launder  and  Spalding 
1972). 

Table  1.  Proportionality  Constants 


Here,  according  to  the  Spalding's 
method,  we  assume  that  the  flow  is 
partially  parabolic  as  follows: 

(i)  tf~.ll  2:  0  ,  Je.iSrO  ,  3e  1  «.  , 

',/g-i:4CrC  £«. 

(ii)  terms  involving  aui/ox,.  and 

are  neglected  in  the  viscous  terms 
of  the  Xj_- momentum  equation,  where 
subscripts  1  denotes  the  main  flow 
direction. 

Then,  the  equations  (1)  through  (6) 
become : 


^(f«O*4(fuO^CfuO-0  .  (7) 

^(fUtUiVlr  (?U*U2)+  (fUM)  ' 

=  “3Xi  '  -  9*3^3)  , 

(  ?UaUi)-r  ^(?U2U2)  +  CfUaUs-) 

-  (8) 

*4  C?U»U0+4(?U*^+^(PU*^ 

-  "Ii  ~  ~  ^3  ^  ,  - 


4(?kUlV^(?ku2)+^(?}cU3) 

=  pTi^||)+4(0||)+^e-?€  ,  (9) 

Ui)+ ~  (?£U2)+~  (f  £U5) 
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^Ci^'e/K  -C2  ?£*/k  ,  do) 


where 


+©*gf*<gf+<gf] 


r-rs 

Ve-rs  ’ 


§/-TC/Z  , 


V's  £  Y*  f  r0 


0  s  6  ZV2 


(12 


where  f^Xtix.d')  and  K*'CoL*.B)  denote  the 
radius  of  ship  hull  and  the  outer  boundary, 
respectively. 

Then,  the  following  transformations 
are  derived : 


2.2  Equations  for  Ship 

We  assume  that  the  ship  moves  straight 
with  constant  speed  V.  It  is  taken  a 
cylindrical  polar  coordinate  system  (x,r,6) 
fixed  to  the  ship,  where  x  axis  is  posi¬ 
tive  towards  the  stern.  Q-0  coincides  with 
the  undisturbed  water  plane  and  0*TC/2  co¬ 
incides  with  the  center  vertical  plane  as 
indicated  in  Fig.  1.  The  flow  around  ship 
is  assumed  to  be  symmetric  with  respect  to 
the  center  plane  and  the  ship  wave  on  the 
free  surface  to  be  negligible. 


5  _  P  d 

sx  "  a  a? 

JL  -  JL  -3- 

d _ 

=  y*  a  d? 

where 


Air0-rs  ,  y  =tc/2  # 


By  using  transformations  (11),  (12)  and 
(13),  the  basic  equations  (7)  through  (10) 
are  summarized  in  the  following  form: 

?  ^ ^ )+  n  k 


Fiq.  1  Coordinate  system 

The  Cartesian  coordinate  system 
( )  in  the  previous  section  is 
transformed  into  the  cylindrical  polar  co¬ 
ordinate  system  (x.r,  8)  by  the  following 
equations: 


+  f^»  Ow^)J 

+  vSV>^|(v|i;'Se; '  +  ,  114 


Y -rJWy'zi 

&  -  W1  {~xl  ) 


(11) 


Furthermore,  the  cylindrical  polar  co¬ 
ordinate  system  ( x,r,  6  )  is  transformed  into 
the  distorted  cylindrical  polar  coordinate 
system  ($,1,$)by  the  following  equations: 


?  =  X 


I 


where,  u,  v,  w  are  the  velocity  components 
in  the  x-,  r-,  6-directions;  fl,V+  ,  de¬ 
note  flow  variables,  viscosity  and  addition 
al  sources  or  sinks  of  the  corresponding 
property  which  is  being  transported. 

For  continuity  equation: 

4>  =  1  ,  r*  =  s*  =  0 . 

For  u-momentum  equation: 


<^  =  u  ,  r*  =  V'X , 

c,  __  5_P  ,  P  9P  C-l~  sL 
^  ~  a  <57  ~  ^  ( rp  sir  '•a  »?  / 


,  _1  (*M  au  s  I  3u  _1_  iA 

37  ''ryr  32?  Jj  ryr  Y-Ay-  32? 

/^e#3U\  /'t2  _1  3<r  £l£\ 

v  A  37  '  V  r  Yy  32?  A  a?  7  . 

For  v-momentum  equation: 

0  =  U\  W  > 


For  K-equation: 

r*  =  ^-r.  , 

^  /  W  9tC  \A  1_  3A  (kt 

'''v^ae^  A~a7  'J  X5»v  »r  w  »*; 


Q  1.3P  fw2  2/frff  IT  1  3  //%aiTs 
^  "  "  A  37  +  Y'  V2  A  3?  ^  A  37  ) 


(MeK  3t v  \  Mtff  au~ 

ry  32?  ''“A  37  ' +  ya  37  v2y  a^ 


+  JL5.  (■ 


^  ''itya^A  a?  ' 

1  a  /AM  9U~  S  ,  1  1  //M(dH/s  \ 
a  ?>z:>  a  37 v  a  37'/ 

_ /M3jJ  ^  MtU^iS  /  1  3^r  t  £r  3£\ 

A  ^  r  a  37  ^^32?  a  a?  / 

3A 


?Aff  £  aw  /Mf  au~  _1 _ 

"  ^  Yy  rAy  *2? 


For  w-momentum  equation: 

=w ,  r*  =  , 

o  __L  iP  .  Jl  a? 

"  Yy  32?  a  37 


fav_/^£jv 
V  Y2 


1  a  /%aw  n  ,  JL.  iL  flairs 
+  vy  a*?  ^  vy  a*? '  a  37  'ry  32?  / 

+  ^^(^•"'0-^^  (Mw> 

2 Mau  am  $*/,£?/ 

+  r2y  32?  ya  3?  tr<Aa?lA3?7 

-ClZ-iL  (6!$™) 

^ try  3$^  a  37 ',i‘ a  37 'ry  ay  ' 

1  js  /Affair \\  .  v*fw/  2-*£ 

+  A  a?  v  A  3?  '  J  A  37  '  Yy  3? 

fr2  \  /AffjtJ wl  ^  ,2^\ 

~~  x-  )  ^  a  39  /  ^  a  a?  ^  y  / 


2$  a 


_  i_  /„  f,u'j  /Aff  aw  _  1  sA 

ya  37  '  vya^vy-A  ^ 


_  /_L  ^  4.  i£  a  Ik 
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Y  A  37 


For  e-equation: 


^ff-re 


4*Z 

S  V  Cl  <™  i  -  G  f  #  -^MM) 


J  1  _3/H  3£\\__L-  j>^  Ve  3g 

+  Yy a  37  2  j  YAy  aj;  ry  ai; 

/  1  a^-  ^  a§-  \  V| 
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where 


/_l.j>w_  w  X!!f  _  _4:  aa \2 

+  ^  Y  37  “  v  vy  3^  A  37  ^ 

,  /_i_3u  .  (±.QLf  1 

^  Yy  32?  A  37  ;  '  A  37  )  J 


2.3  Boundary  Conditions 

The  flow  field  in  interest  is  sur¬ 
rounded  by  six  boundaries;  hull  surface 
(Y«Ys),  outer  boundary  ( r^Y®  ), water  plane 
(0=0),  center  vertical  plane  (  0*1c/2  ) » 
inlet  plane  and  exit  plane  (see  Fig.  1). 
In  solving  the  governing  equations  (14) , 
it  is  necessary  to  determine  the  boundary 
conditions. 

The  problem  is  where  we  should  fix 
the  location  of  outer  boundary,  inlet 
plane  and  exit  plane.  The  outer  boundary 
may  be  desirable  to  be  placed  far  from 
the  ship  hull,  where  the  flow  is  uniform. 
In  the  present  method,  the  location  of 
the  outer  boundary  is  determined  empiri- 
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cally.  That  is  not  so  far  from  the  hull 
but  the  solution  of  inviscid  flow  is 
available  there  (Muraoka  1979) .  The 
inlet  plane  may  be  located  near  the  stern 
region  if  the  upstream  flow  can  be  pre¬ 
dicted  by  an  appropriate  theory.  In  the 
present  method,  midship  section  is  chosen 
as  the  inlet  plane  and  the  boundary  con¬ 
ditions  for  velocities,  pressure  and 
turbulent  properties  are  given  from  the 
results  of  flat  plate  for  simplicity. 

At  the  exit  plane,  pressure  is  necessi¬ 
tated  to  be  given.  So  the  exit  plane  is 
desirable  to  be  taken  at  the  plane  where 
the  pressure  of  the  potential  flow  is 
available. 

The  conditions  at  the  boundaries 
are  defined  as  follows: 

(1)  Hull  Surface 


u*ir=vj=  k>  <c  -  o  ,  at  r=rs  , 

and  near  the  surface  the  'wall  func¬ 
tion  method'  (Patankar  and  Spalding 
1972)  is  applied  to  account  the 
damping  effect  of  the  walJL  on  turbu¬ 
lence. 

(2)  Outer  Boundary 

The  flow  velocities  and  the  pressure 
at  the  outer  boundary  are  obtained 
from  the  calculation  of  the  poten¬ 
tial  flow  around  the  ship,  and 


As  the  turbulent  properties  seem  to 
be  confined  within  the  boundary 
layer,  these  are  treated  separately 
within  and  outside  of  the  boundary 
layer. 

The  turbulent  properties  K  and  e 
are  assumed  as  follows: 


k  /  =  fcr-rsV  V2  at  r-r^gS-, 

a-  0  at  r-rkyS' 


where  f  is  determined  from  the 

experimental  data  of  Klebanoff  for 
flat  plate  (for  example,  Rotta  1972). 
The  mixing  length  is  determined 
using  the  value  $  Cr-r*)  which 
Bradshaw  et  al.  (1967)  have  given  for 
thin  boundary  layer. 


f  g  Cr-v s) 


at  y-y<j 


£  (1.2  S)  at  Y"- Ys  ■>  l.2<r 


The  value  of  6  is  determined  from  the 
mixing  length  as  follows: 


€  =  Co4  •  K*4  /lm 


3r  ~  3r 


=  0  , 


at  r»r0 


(5)  Exit  Plane 

The  pressure  P  is  obtained  from  the 
calculation  of  the  potential  flow. 


(3)  Water  Plane  and  Center  Plane 


2.4  Calculation  Procedure 


W=0  , 

-  fS  -  n  at  A =0  tcZ, 
30  ‘  d0 ' 39  36  "  U  >  W  /2  • 

(4)  Inlet  Plane 

It  is  assumed  that  the  boundary  layer 
is  uniform  along  the  girth  of  the 
hull  and  the  boundary  layer  thickness 
is  calculated  by  Schlichting's  formula 
for  flat  plate: 


■S'- 0.3 n  S  (^) 


•Vs 


where  V  is  uniform  velocity;  w  is 
kinematic  viscosity;  s  is  the  distance 
from  leading  edge.  The  velocity  com- 


t 


as  follows: 

(b) 

Y-YS  §<5\ 

(c) 

at  r-Ys>£ 

First  of  all,  the  flow  field  in  inter¬ 
est  is  divided  into  many  small  subdivision 
by  the  intersecting  grid  lines  which  are 
parallel  to  7-  and  Jj-  direction.  Next, 
the  finite  difference  equations  are  de¬ 
rived  by  integrating  the  governing  equa¬ 
tion  (14)  over  the  each  small  subdivision 
(Muraoka  1979) .  The  unknowns  in  the 
finite  difference  equations  are  three 
velocities  u,  v  and  w,  the  pressure  ?, 
the  turbuler .  properties  K  and  e •  The 
pressure  is  stored  as  three  dimensional 
array  and  the  other  variables  are  stored 
as  two  dimensional  arrays  at  every  V-0 
plane.  Then,  the  finite  difference  equa¬ 
tions  are  solved  as  following  steps: 

(a)  At  the  start  of  the  calculation,  the 
pressure  in  the  flow  field  is  guessed 
from  the  potential  flow  solution. 

The  pressure  is  improved  as  the  cal¬ 
culation  proceeds. 

The  momentum  equations  for  3  veloci¬ 
ties  are  solved  separately  at  X-6 
plane. 

As  the  velocities  solved  at  step  (b) 
do  not  satisfy  the  continuity  equation, 
the  velocities  and  the  pressure  are 
corrected  to  satisfy  the  continuity 
equation  by  using  iterative  procedure, 
(d)  After  obtaining  three  velocities  and 
pressure  at  step  (c) ,  the  equations 
for  K  and  e  are  solved  so  as  to  pro- 
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vide  K-  £  distributions  appropriate  to 
next  downstream  plane. 

(e)  Then,  the  same  manner  from  step  (b)  to 
(d)  are  repeated  at  all  the  downstream 
plane  in  the  flow  field.  Reaching  the 
exit  plane,  one  marching  is  completed. 

(f)  The  marchings  from  inlet  plane  to  exit 
plane  are  repeated  several  times,  and 
the  pressure  in  three  dimensional 
array  is  improved  at  every  marching. 

(g)  Finally,  the  calculation  is  terminated 
when  the  pressure  of  the  flow  field  in 
current  marching  do  not  alter  compar¬ 
ing  the  pressure  in  previous  marching. 

3.  NUMERICAL  RESULTS 

Calculations  are  performed  for  two 
models  by  using  the  method  in  the  previous 
section.  The  first  one  is  an  axi symmetric 
body  which  is  named  Afterbody  1  by  Huang 
et  al.  (1978) .  The  second  one  is  a  liner 
ship  model  which  is  named  Model  B  (Muraoka 
1979) . 

Comparing  the  flow  properties  between 
calculation  and  experiment  for  the  axisym- 
metric  body,  the  basic  possibility  of  the 
present  calculation  method  is  examined. 

The  validity  of  the  method  to  the  compli¬ 
cated  flow  around  actual  ship  is  tested  by 
calculating  the  flow  around  the  liner  ship 
model . 

3.1  Calculation  for  Axisymmetric  Body 

The  principle  particulars  of  the  axi¬ 
symmetric  body  are  shown  in  Table  2  and 
the  afterbody  configuration  is  shown  in 
Fig.  2. 

Table  2.  Principle  Particulars 
of  axisymmetric  body 


L(m) 

3.066 

rm»x  (m) 

0.1397 

Re 

6.60  xIO6 

Fig.  2  Aftbody  configuration  of 
axisymmetric  body 

The  numerical  calculation  of  the  flow 
around  the  body  is  carried  out  in  the 
following  way.  The  location  of  outer 
boundary  in  the  present  calculation  is 
assumed  to  place  at  the  constant  distance 
from  the  hull. 


Vo  =  rs 

where  is  the  maximum  radius  of  the 

body.  The  inlet  plane  is  located  at  0.5L 
from  the  leading  edge  and  the  exit  plane  is 
at  0.18L  behind  the  body.  The  grid  nodes 
at  T-6  plane  are  12x12  whose  configuration 
is  shown  in  Fig.  3(a).  The  grid  lines 
along  x-direction  are  35  whose  interval  is 
every  0.02L.  The  grid  configuration  of  x-r 
plane  in  stern  region  is  shown  in  Fig.  3(b). 


Fig.  3(a)  Grid  configuration  of  r-0  plane 
for  axisymmetric  body 
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Fig.  3(b)  Grid  configuration  of  x-r  plane 
for  axisymmetric  body 

The  inlet  conditions  are  shown  in  Fig. 
4  where  the  circles  indicate  the  values  at 
grid  nodes.  The  comparison  of  calculated 
and  measured  velocity  components,  u/V  and 
-v/V  are  shown  in  Fig.  5  and  Fig.  6,  re¬ 
spectively.  In  Fig.  6,  the  calculated 
result  of  -v/V  at  x/L=1.057  is  nearly  equal 
to  zero  and  is  slightly  different  from  the 
experiment.  The  calculated  velocity  com¬ 
ponent  by  the  present  method  have  the  same 
high  accuracy  as  the  numerical  results  of 
boundary  layer  theories  of  Huang  et  al. 
(1978)  and  Soejima  (1980).  In  Fig.  7,  the 
pressure  variations  in  the  flow  field  in 
interest  are  shown  comparing  with  the 
measured  ones  and  the  numerical  results  of 
potential  flow.  The  viscous  effect  on 
pressure  is  appeared  only  near  the  vicinity 
of  hull  surface  around  the,  stern  region  and 
the  calculated  results  agree  with  the  ex- 
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periment  except  at  x/L=1.057. 

Pig.  8  shows  the  comparison  of  turbu¬ 
lent  properties.  The  measured  K  is  deter- 
mined  by  the  fininition  4  +  w'*  ) 

where  u1,  v’  and  w‘  means  the  velocity 
fluctuation  in  x-,  r-  and  B -directions. 

10.  q-o  ■  o  o  o  0  ;  Grid  node 


0  (f-ri)/rmax  ^.5 


®  (r  -  rsl/rmax  0.5 


0  (r-ral/rmax  0.5 


Fig.  4  Boundary  conditions  at  inlet  plane 
x/L=0.5  for  axisymmetric  body 


x/L  =  0.755 


x/L  =  0.846 


x/L  =  0.934 


x/L  =  0.964  A 


x/L  =  1.057 


;  Calculation 


O  O  O  A  o  ;  Experiment  by  Huang  et  at. 


(r  -  rs)/rmax 

Fig  As  Comparison  of  velocity  component 
u/V  for  axisymmetric  body 


;  Calculation 


O  O  04  9;  Experiment  by  Huang  tt  at. 


0°  O  O  -O 


x/L  «  0.755 


x/L  -  0.846 


x/L  «  0.934 


x/L  =  1.057 


(r  -  rt)/rmax 

Fig.  6  Comparison  of  velocity  component 
-v/V  for  axisymmetric  body 

The  measured  l  is  determined  by  Vt/ kr1* 
while  the  calculated  i  is  determined  by 
Co  tC4/ £  .  The  coincidences  of  turbulent 
properties  between  calculation  and  experi¬ 
ment  are  fairly  good,  although  the  accuracy 
of  calculation  becomes  worse  as  x/L  in¬ 
crease.  The  comparison  of  turbulent 
kinematic  viscosity  Me  are  shown  in  Fig.  9. 
In  this  figure,  the  values  of  Ur  ,  S?  and 
are  all  derived  from  the  experiment  of 
Huang  et  al.  The  numerical  results  of 
Huang  et  al*s  method  are  coincident  with 
one  line  by  nondimensionalizing  because  of 
0-equation  model  of  turbulence,  but  the 
experimental  values  are  not  coincident  with 
one  line  and  diminish  towards  the  stern. 

On  the  other  hand,  the  numerical  results  of 
the  present  method  present  fair  agreement 
with  the  experiment  at  each  section.  From 
the  above  examination,  it  can  be  said  that 
in  evaluating  the  turbulent  properties  like 
K,  t  and  Vt  around  the  axisymmetric  body, 
the  K-  €  model  of  turbulence  is  effective. 

3.2  Calculation  for  Liner  Ship  Model 

In  the  previous  section,  the  validity 
of  the  present  method  for  axisymmetric  body 
was  confirmed  by  comparing  the  calculation 
of  velocity  profile,  pressure  distribution 
and  turbulent  properties  with  experiment. 
Here,  the  present  method  is  tested  to  the 
liner  ship  model  B  (Muraoka  1979) . 

The  principle  particulars  of  the  model 
is  shown  in  Table  3  and  the  body  plan, 
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-  ;  Calculation  of  Viscou*  Flow 

* - - —  ;  Calculation  of  Potential  Flow 

O  D  O  A  <?  ;  Experiment  by  Huang  etal. 

x/L  -  0.755 

^  n  - 0 - 

x/L  -  0.846 


-  Calculation 

Experiment  jy  Huang  et  al 


x/L  =  .755 


x/L  ■  0.934 


(r  -  r«)/rm»x 


(r  -  rj)/rm«x 


x/L  *  1.057 


.  0_  0^900 


0.5  1.0 

(r  -  rs)/rmax 

Comparison  of  pressure  variations  in 
the  flow  around  axisymmetric  body 


|  x/L 

Experiment 

Calculation  j 

Huang  ct  al. 

Preitm  Method 

m 
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— 

.846 
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— 

.934 
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■ 

- - — 

564 

a 

1.057 

/  oo  o  \ 
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\  \ 

F  "\S 

ta  '  o  "'<x  Vp 
~Xo~<cx,®  <?  >..  <£,  \\ 
'X  2-*— a  N?o  Vr 


(r  -  r*)/5r 

Comparison  of  turbulent  viscosity 
for  axisymmetric  body 


Fig.  8  Comparison  of  turbulent  properties 
for  axisymmetric.  body 

Table  3.  Principle  particulars 
of  liner  ship  model 


L  (m)  6.00 

B  <m)  0.9231 


0.6248 


1.03  x  107 


stern  and  stem  profiles  are  shown  m  Fig. 
10.  The  outer  boundary  in  the  present 
calculation  is  placed  at  the  cylindrical 
shape  of  constant  radius  r®/B t2  =  1.78  .  The 
inlet  plane  is  located  at  St.  5  and  the 
exit  plane  is  located  at  0.1L  behind  ship. 
The  grid  nodes  at  X-6  plane  are  12x12 
whose  configuration  is  shown  in  Fig.  11(a). 
The  grid  lines  along  x-direction  are  31 
whose  interval  is  every  0.02b.  The  grid 
configurations  of  center  vertical  plane  and 
water  plane  in  stern  region  are  shown  in 
Fig.  11(b)  and  Fig.  11(c),  respectively. 

The  stern  profile  used  in  claculation  is 
different  from  the  actual  ship  model  as 
shown  in  Fig.  11(b). 

The  calculated  wake  distributions 
around  stern  region  from  St.  1  3/5  to  St. 


I!  ><1  u5'  W‘ 


-2/5  are  shown  in  Fig.  12(a)  through  Fig. 
12(e).  The  recirculating  flow  is  seemed  to 
occur  around  the  bilge  at  si .  3/5,  and  to 
develop  towards  ship  stern.  In  Fig.  12(e) 
at  St.  -2/5,  the  ring  shape  of  equi- 
velccity  contour  is  observed  near  the  cross 
point  of  center  line  and  base  line.  In 


Fig.  13,  the  measured  wake  distributions  at 
St.  1/5  is  shown.  Although  the  calculated 
radial  velocity  near  center  line  is  larger 
than  the  measured  one,  the  calculated  wake 


C.L 

i  i  u/i 


'  v**w‘/v  / 


1  -u/V  =  0.1 


•/V’-i-w’/v 


\^-(U 


!  !  £ 
i-  c 


Fig.  12(d)  Calculated  wake  distribution 
for  liner  ship  model 
at  St.  1/5  and  Re=  1.03  x  10 


Fig.  12(b)  Calculated  wake  distribution 
for  liner  ship  model  7 

at  St.  1  and  Re  =  1.03  x  10 


1  -  u/v  -  0.1 


'vuw’/v 


l  -  u/v  =  o.i 


Fig.  12(c)  Calculated  wake  distribution 

for  liner  ship  model  7 

at  St.  3/5  and  Re  =  1.03  x  10 ' 


Fig.  12(e)  Calculated  wake  distribution 
for  liner  ship  model 
at  St.  -2/5  and  Re  =  1.03  x  10 


distributions  are  seemed  to  show  qualita¬ 
tively  the  tendency  of  the  flow  behind  ship 
stern.  Fig.  14  shows  the  calculated 
viscous  pressure  distribution  on  the  hull 
surface  from  St.  5  to  St.  1/2  along  five 
diagonal  lines  con  paring  with  the  pressure 
of  the  potential  i  i ow  and  che  experiment 
(Naraimatsu  1976:  this  ship  is  named  M7) . 

The  calculated  viscous  pressure  from  water 
plane  to8=45°'s  diagonal  line  are  closer 
to  the  measured  one  than  the  pressure  of 
the  potential  flow.  On  6=67.56*s  diagonal 
line,  the  calculated  viscous  pressure  is 
different  from  the  measured  one. 


C.L. 

_ IL.W.L. 

,  St.  1/5  TO 
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Fig.  13  Measured  wake  distribution 
Cor  liner  ship  model 


- ;  Calculation  of  Viscous  Flow 

- ;  Calculation  of  Potential  Flow 

O  :  Estimated  from  Experiment 


0  T  0  *  90° 


S  4  3  2  1  54 

Station  number 

Fig.  14  Comparison  of  pressure  distribution 
on  hull  surface  of  liner  ship  model 
at  Re  =  1.03  x  107 


at  St.  1/5  and  Re  =  1.03  x  10  at  Re  =  1.03  x  10^ 

Table  4  Resistance  Components  of  Liner  Ship  Model  at  Re  =  1.03  x  107 


Resistance 

Component 

Calculation 

(kg) 

Experiment 

ikg) 

Viscous 

Pressure 

Resistance 

(Rvp) 

1.46 

0.87 

Frictional 

Resistance 

(Rf) 

4.17 

4.29 

Viscous 

Resistance 

(Rvp+Rf) 

5.63 

5.16 

Do.  (Rv) 

5.65 

5.03 

Cal.;  From  surface  integral  of  P-PQ  on  the 
surface  of  afterbody 

Exp. ;  Pressure  resistance  minus  wave 
pattern  resistance 


Cal.;  From  Cumpusty  i  head  method  for 

forebody  and  from  present  method  for 
afterbody 

Exp.;  Total  resistance  minus  pressure 
resistance 


From  the  law  of  momentum  by  using  wake 
distribution  at  0. 3L  behind  ship. 
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Fig.  15(a)  Calculated  distributions  of 

K/V2  and  £  or  liner  ship 

model  at  St.  1  3/5  and 
Re  =  1.03  x  107 


C.L.  C.L. 


Fig.  15(b)  Calculated  distributions  of 

KA'2  ana  vVi><  for  liner  ship 
model  at  St.  3/5  and 
Re  =  1.03  x  107 

Table  4  shows  the  viscous  resistance 
and  viscous  pressure  resistance  derived 
from  the  calculation  of  the  same  ship  under 
the  similar  condition  to  the  present  calcu¬ 
lation  (Huraoka  1979) .  The  calculated 
viscous  resistance  Rv  is  reasonably  coinci¬ 
dent  with  the  sum  of  calculated  viscous 
pressure  resistance  Rvp  and  calculated 
frictional  resistance  ft*  ,  and  the  numerical 
results  show  roughly  coincident  with  the 
experiment . 

In  Fig.  15(a)  through  Fig.  15(c),  the 
calculated  distributions  of  kA?2  and  'V'v* 
are  shown  where  Vt  denotes  the  laminar 
viscosity.  The  turbulent  kinetic  energy  K 
at  St.  3/5  in  Fig.  15(b)  is  very  intensive 
at  the  bilge  part.  The  turbulent  proper¬ 
ties  are  high  only  within  the  boundary 
layer  and  the  wake. 

From  the  above  caiculation,  it  is  con¬ 
firmed  that  the  wake  distribution  around 
and  behind  ship  can  be  predicted  reasonably 
with  the  viscous  pressure  and  turbulent 
properties.  However,  in  order  to  make  the 
present  method  more  practical,  the  follow¬ 
ing  items  are  required; 

(i)  T©  utilize  the  differential  method  of 


Fig.  15(c)  Calculated  distributions  of 

K/V2  and  ***/!((.  for  liner  ship 
model  at  St.  -2/5  and 
Re  -  1.03  x  107 

thin  boundary  layer  theory  in  order  to 
improve  the  inlet  conditions. 

(2)  To  refine  the  calculation  techniques  in 
respect  of  economy- 

(3)  To  make  refinement  of  grid  configuration 
in  order  to  obtain  stable  convergence. 

(4)  To  test  other  coordinate  system  in  order 
to  perform  item  (3). 

4.  CONCLUDING  REMARKS 

On  the  assumption  of  partially  para¬ 
bolic  flow  and  K-  £  model  of  turbulence,  the 
calculations  are  performed  for  an  axi sym¬ 
metric  body  and  a  liner  ship  model.  The 
following  results  are  derived: 

(1)  The  turbulent  properties  around  the  a:-:i- 
symmetric  body  can  be  predicted  well. 

(2)  The  calculated  wake  distributions  for  a 
liner  ship  model  are  qualitatively  co¬ 
incident  with  the  phenomena.  Especially 
the  bilge  ’vortex  is  seemed  to  occur. 

(3)  The  evaluations  of  the  pressure,  turbu¬ 
lent  properties  and  resistance  compo¬ 
nents  for  ship  are  possible. 

Thus,  the  present  method  is  made  clear  to  be 
appropriate  for  the  calculation  of  thick 
boundary  layer  and  wake  of  ships  through  the 
numerical  examples.  Further  refinement  of 
the  present  method  is  necessitated  in  order 
to  improve  she  accuracy  of  calculation  for 
practical  use. 
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Discussion 


T.T.  Huang  (OTNSP.OQ 

Could  the  author  give  the  specific 
iterative  p-ccedure  used  in  statement  Sc)  of 
2.4  Calculation  Procedure  ?  Why  the  com¬ 
puted  mixing  length  parameter  t (a)  shown  in 
Figure  8  does  not  approach  zero  when  the 
value  of  r  becomes  greater  than  the  va±ue 
of  (o  +  rs*  ? 


G  E.  Gadd  '*••// 


Although  there  are  encouraging  quali¬ 
tative  similarities  between  the  theoretical 
predictions  and  the  measurements ,  it  is 
clear  as  the  author  admits  that  further 
refinement  of  the  calculation  method  is 
needed.  When  fig.l2d  is  compared  with  fig. 
13  the  most  obvious  deficiencies  of  the 
theory  are  seen  to  be: 

(1)  insufficient  prediction  of  the 
vortex  effect" 

(2)  failure  to  predict  the  high  shear 
region,  with  closely  spaced  ve¬ 
locity  contours,  outside  a  region 
of  stagnant  flow. 

Obviously  the  grid  configuration  shown 
in  fig. 11a  is  far  from  ideal  for  the  flow 
near  the  stern.  Does  the  author  think  that 
this  may  be  a  contributory  factor  to  the 
defects  of  the  prediction  ?  Also,  is  it 
possible  that  the  turbulent  shear  stress 
model  say  become  inadequate  in  such  a  situ¬ 
ation  ? 


M.  Hoekstra  (ssu3j 

Just  two  questions  and  one  comment. 

(1)  How  did  you  handle  the  kink  in  the 
coordinate  lines  at  the  tail  of  the  boc%  of 
revolution  ? 

(2)  Did  you  experience  in  this  work  or 
in  any  other  study  with  the  K  -  t  model  any 
trouble  with  the  length-scale  equation 
(c-equation)  at  the  outer  boundary  of  the 
computation  domain  ? 

I  think  that  the  author's  conclusion 
about  the  adequacy  of  the  S  -  t  model  for 
the  flow  past  axisymmetric  bodies  is  prem¬ 
ature  .  The  present  application  is  on  a 
body  with  high  length-diameter  ratio  so 
that  longitudinal  curvature  effects  are 
weak.  I  suspect  that  the  predictions  for 
fuller  bodies  would  have  been  worse  because 
the  K  -  *  model  does  not  include  properly 
the  effects  of  longitudinal  streamline 
curvature  or.  turbulence. 


K.  Mori  (HifoKsma  Umv  ) 

(1)  Through  the  calculation  n£  the 
axisymmetric  body,  the  author  concluded 
that  the  validity  of  the  present  method  is 
confi’-med.  ^ut,  in  case  of  2-D  flows,  the 
partially  parabolic  approximation  reduces 
to  the  boundary  layer  approximation  with 
higher  orders.  So  the  discusser  does  not 
think  that  the  partially  parabolic  approx¬ 
imation  is  checked  by  the  present  calcula¬ 
tion  for  the  axisymmetric  body. 

(2)  The  partially  parabolic  approxi¬ 
mation  neglects  the  diffusion  in  the  main 
flow  direction  and  keeps  that  in  the  girth 
direction.  The  discusser  still  can  convince 
neither  that  the  latter  is  more  important 
than  the  forcer  in  cases  of  ship-like  bodies 
nor  that  such  a  complicated  approximation 

is  necessary  even  for  upstream  region  like 
S.S.13/5  or  i.  The  results  of  the  axisyn- 
metric  body  which  show  coed  agreements  with 
experiments  for  x<0.964  but  not  so  much  for 
x-1.057  may  support  the  above;  for  the  up¬ 
stream  region  the  boundary  layer  approxi¬ 
mation  works  quite  well  and  for  the  wake 
region  the  neglect  of  the  diffusion  in 
the  main  flow  direction  is  crucial.  Have 
you  any  data  how  far  improvements  are 
reached  by  the  revival  of  the  girth  direc¬ 
tion  diffusion  terms  ? 

C  3  *  The  metaod  to  estimate  the  viscous 
resistance  by  the  hull  surface  pressure 
integration  is  always  of  possible  error  in 
case  of  ship-like  blunt  bodies.  Therefore 
the  discusser  appreciates  that  obtained  by 
the  momentum  law  still  more.  For  the  lat¬ 
ter  method,  good  predictions  of  velocity 
and  pressure  profiles  are  necessary  in  the 
wake,  a  little  behind  ships.  How  much  the 
velocity  and  the  pressure  profiles  at  0- 3L 
behind  ship  agree  with  experiments  ?  Al¬ 
though  the  estimated  value  of  It,  in  Table 
4  shows  rather  good  agreement  with  experi¬ 
ment,  as  far  as  the  results  of  S.S.l/S  are 
concerned,  on  the  contrary  to  the  author's 
consent,  the  discusser  never  suppose  that 
Fig. 12(d)  (calculated  results)  agrees  with 
Fig. 13  (measured)  even  qualitatively. 


Author’s  Reply 


K .  Muraota  (BB? 


I  would  like  to  express  gratitude  for 
Dr.  Huang’s  valuable  discussion  and  appre¬ 
ciation  for  providing  the  detailed  experi¬ 
mental  data  of  axisyssetric  body  in  the 
previous  symposium  which  ail  quoted  in  my 
manuscript. 


At  first  calculation  of  momentum  equ¬ 
ations  at  one  r-8  plane,  the  coefficients 
of  the  finite  difference  equations  are 
calculated  based  on  the  solved  velocities 
and  pressure  at  upstream  plane.  The  solved 
velocities  of  first  time  at  cun  t  plane 
do  not  satisfy  the  continuity  equation,  so 
the  velocities  are  corrected  so  as  to  satis¬ 
fy  the  continuity  equation  through  the  pres¬ 
sure  correction.  Next,  at  current  plane 
the  momentum  equations  are  solved  using  the 
first  solution  of  velocities  and  pressure 
as  new  coefficients  of  finite  difference 
equations.  These  procedures  are  repeated 
several  times.  And  when  the  error  of  con¬ 
tinuity  equation  comes  practically  zero, 
the  iterations  at  current  plane  are  termi¬ 
nated. 

Next,  at  the  inlet  plane,  we  give  the 
small  value  of  mixing  length  at  the  out 
side  of  boundary  layer.  When  we  take  near¬ 
ly  zero  value  of  mixing  length  at  this 
region,  the  calculation  has  not  converged 
well.  This  cause  the  small  value  left  at 
the  outside  of  boundary  layer. 

Thank  you  for  Dr.  Gadd's  discussion. 

I  think  that  the  grid  configurations  may 
be  one  of  the  main  factor  to  improve  the 
results  of  prediction.  Although  the  large 
number  of  grid  nodes  bring  the  large  com¬ 
puter  storage,  expensive  costs  and  diffi¬ 
culty  of  convergence,  I  would  like  to  test 
grid  refinement  in  order  to  make  use  of 
this  method  for  practical  purpose. 

Next,  the  present  turbulent  model  is 
based  on  the  assumption  of  homogeneous  tur¬ 
bulence  and  gradient  diffusion  hypothesis. 

In  case  of  axisymmetric  body,  the  present 
turbulent  model  is  examined  to  be  effec¬ 
tive.  Prom  this,  it  is  applied  to  the  flow 
around  ship  stern.  As  there  is  no  data  of 
measured  turbulent  behaviour  around  ship 
stern  region,  the  present  model  is  not  ex¬ 
amined  and  I  think,  it  is  necessary  to  ex¬ 
amine  the  validity  of  K-e  model  of  turbu¬ 
lence  around  ship  stern  through  comparing 
with  the  measurement  of  turbulent  behaviour. 

Thank  you  very  much  for  Mr.  Hoekstra's 
valuable  discussion  and  interesting  comment. 

In  the  calculation  of  axisymmetric 
body,  the  grid  line  along  x-direction  is 
placed  at  the  tail  end  of  the  body,  there¬ 
fore  the  calculations  around  body  and  be¬ 
hind  body  are  separated.  In  case  of  stag¬ 


gered  control  volume  in  obtaining  the  finite 
difference  equations,  the  tail  end  of  the 
body  is  shifted  half  distance  of  grid  length. 

Next,  about  the  calculation  of  K-e 
model  of  turbulence.  When  we  used  the  im¬ 
proper  inlet  value  of  length  scale  model  at 
the  outer  region,  too  high  or  too  small, 
the  calculation  has  not  converged  well  or 
the  unreasonable  result  has  been  obtained. 


I  would  like  to  express  gratitude  for 
Prof.  Mori's  valuable  discussion. 

To  the  first  discussion 
In  the  present  calculation  of  axisym¬ 
metric  body,  it  is  assumed  that  the  flow 
is  3-dimensional  partially  parabolic  flow. 
The  calculated  results  show  2-dimensionality 
because  that  the  angular  velocity  is  zero 
and  the  other  properties  have  not  changed 
in  the  angular  direction.  O'udging  from 
this,  I  think  that  the  present  method  works 
well.  And  also  the  K-e  model  of  turbulence 
is  examined  to  be  very  effective  for  calcu¬ 
lating  the  turbulent  properties  around  axi¬ 
symmetric  body. 

To  the  second  discussion 
At  the  upstream  region,  the  partially 
parabolic  flow  concept  may  not  be  necessary 
because  that  the  flow  of  that  region  can  be 
solved  simply.  About  the  stern  region,  as 
the  flow  of  liner  ship  contains  the  bilge 
vortex  and  the  pressure  varies  in  the  flow, 
the  partially  parabolic  approximation  is 
adopted  in  the  present  calculation.  From 
the  calculated  results  of  realizing  the 
recirculating  cross  flow  and  the  ring  shape 
of  velocity  contour  behind  ship,  the  par¬ 
tially  parabolic  flow  concept  is  reasonable 
to  calculate  the  flow  around  stern  region. 

To  the  third  discussion 
In  t.he  table  of  resistance  component, 
one  of  the  interesting  thing  is  that  the 
viscous  resistance  which  is  derived  from 
the  law  of  momentum  is  coincident  fith  the 
sum  of  viscous  pressure  resistance  and  fric¬ 
tional  resistance  which  is  derived  from 
surface  integral.  This  shows  the  consis¬ 
tency  of  calculation.  The  other  is  that 
the  calculated  components  show  same  order 
to  the  measured  one  in  case  of  qualitative 
coincidence.  And  the  present  method  pro¬ 
vides  a  way  to  evaluate  the  resistance  com¬ 
ponents. 

However,  it  is  necessary  to  improve 
the  refinement  of  calculation  techniques 
for  practical  purpose. 
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ABSTRACT 

The  geometry  of  the  ship  hull  deter¬ 
mines  the  development  of  the  flow  around 
the  ship.  Different  ways  of  treating  the 
influence  of  curvature  are  reviewed  and 
basic  general  formulations  of  differential 
geometric  character  are  presented.  Formula¬ 
tions  based  on  the  geometry  of  curves 
(stream  lines  or  coordinate  lines)  and  ba¬ 
sed  on  the  geometry  of  surfaces  are  given. 


NOMENCLATURE 


base  vector  on  surface 
surface  metrics 
determinant  of  O-iyi 

tensor  of  the  second  fundamental 
form  of  the  surface 

binormal  vector  on  curve 

base  vector  in  normal  coordinate 
system  tangential  to  surface 

principal  normal  on  curve 

mean  curvature 

Gaussian  curvature 

metric  on  curve 

normal  unit  vector  on  surface 

base  vector  normal  to  surface 

pressure 

arbitrary  coordinate  along  curve 
arc  length  along  curve 


ft  tangential  unit  vector  on  curve 

shifter 

jr  coordinate  along  tangential  coordi¬ 
nate  normal  to  s  coordinate  line 

xt  tangential  unit  vector  normal  to  $* 
t  and  M* 

(^velocity  vector  in  space  (or  on  the 
surface) 

V  magnitude  of  -o* 

X*  vector  in  Cartesian  system 
defines  surface 

vector  in  Cartesian  system 
defines  curve 


}  Christoffel  symbol 
Kronecker  symbol 
totally  antisymmetric  tensor 
C  *yi  "  "  « 

vector  curvature  of  curve 

K,,Z principal  curvatures 

8ft  geodesic  curvature  of  s-line  (t-line) 

normal  curvature  of  s-line  (t-line) 

stress  tensor 

Tt  torsion 

X.  geodesic  torsion 
■*#  ^ 

<p  angle  between  and 

(between  &r  and  tr) 


INTRODUCTION 


General  Remarks 

Plow  fields  are  vector  fields  which  we 
try  to  visualize  using  different  aids.  They 
are  generally  threedimensional  and  we  visu¬ 
alize  them  using  the  concept  of  field  line* 
or  by  drawing  arrows  in  discrete  points  or 
by  isolines  all  of  them  generally  presented 
in  planes,  planes  that  are  mere  two-dimen¬ 
sional  cuts  through  the  complex  three-di¬ 
mensional  field. 

The  vector  lines,  streamlines  or  vor- 
ticity  lines,  are  curves  in  three-dimensio¬ 
nal  space  with  curvature  and  torsion. 

Though  we  know  that  our  physical  space  is 
not  curved,  at  least  if  we  treat  domains  of 
the  order  of  magnitude  we  are  usually  con¬ 
fronted  with,  we  see  that  the  flow  field 
shows  a  certain  curvature  as  a  whole.  This 
curvature  is  ruled  by  the  laws  of  flow  dy¬ 
namics  and  the  boundary  conditions  imposed. 

Boundary  conditions  are  imposed  by  the 
physical  boundaries  of  the  domain.  These 
will  be  surfaces,  two-dimensional  spaces 
with  a  certain  geometry  which  is  reflected 
by  the  flow  field.  Specially  the  curvature 
of  the  bounding  surface  induces  effects 
showing  up  in  the  vector  fields  of  flow. 
These  effects  lead  to  corresponding  terms 
in  the-  equations. 

The  mathematics  we  use  only  allows  for 
a  one-dimensional  approach  for  the  descrip¬ 
tion  of  reality:  We  construct  sets  of  one- 
dimensional  entities  to  describe  what  hap¬ 
pens  in  two  or  three  dimensions.  We  proceed 
along  lines,  coordinate  lines,  stream  lines, 
etc.  It  is  therefore  of  paramount  importan¬ 
ce  to  distinguish  what  is  inherent  to  the 
field,  domain  or  boundary  we  describe  and 
what  has  been  artificially  introduced  by  us 
by  the  construction  of  the  mentioned  lines. 
This  applies  particularly  to  the  notion  of 
curvature. 

On  a  plane  surface  we  may  introduce 
polar  coordinates  ard  those  coordinate 
lines  being  circles  show  a  varying  degree 
of  curvature  while  the  plane  is  flat.  The 
straightness  of  a  meridian  on  a  sphere  does 
not  bear  information  on  the  curvature  of 
the  spherical  surface.  We  know  from  diffe¬ 
rential  geometry  the  difference  between 
geodesic  curvature  and  surface  curvature. 

On  applying  this  to  flow  field  calcu¬ 
lations,  specially  boundary  layer  calcula¬ 
tions,  we  see,  that  in  order  to  investigate 
curvature  influence  of  bounding  surfaces 
the  additional  effect  of  the  curvature  of 
the  coordinate  lines  must  be  eliminated. 

It  is  also  evident  that  any  geometri¬ 
cal  characterization  of  bounding  surfaces 
and  of  flow  lines  or  sheets  or  layers 
should  be  given  in  terms  independent  of  the 


system  of  coordinates.  The  same  applies  to 
flow  field  parameters,  for  instance  inte¬ 
gral  boundary  layer  parameters,  as  long  as 
they  are  scalars.  Comparison  between  results 
of  calculation  •  ethods  which  do  not  make  use 
of  identical  coordinates  and  geometrical 
characterization  is  only  possible  in  terms 
of  such  invariant  magnitudes. 

Many  methods  developed  in  the  last  years 
for  boundary  layer  calculation  in  ship  hydro¬ 
dynamics  have  proceeded  along  similar  lines. 
The  influence  of  wall  curvature  was  general¬ 
ly  neglected  and  one  reason  for  this  may  be 
the  formulation  of  the  basic  equations  from 
which  the  authors  start.  It  is  the  aim  of 
this  essay  to  recapitulate  forms  of  formula¬ 
tion  where  the  surface  curvature  appears 
explicitly  in  the  equations. 

GEOMETRY 

Geometrical  Description  of  Bounding  Wall 
Surfaces 

The  fixed  boundaries  of  the  domain  of 
interest  will  generally  be  given  as  an 
array  of  discrete  points  in  space.  For  the 
purpose  of  calculations  these  points  will 
be  given  as  sets  of  coordinates  jf*  refer¬ 
ring  to  an  over  all  coordinate  system  which 
will  be  assumed  to  be  a  cartesian  system. 
Magnitudes  referred  to  this  system  will  be 
labeled  with  capital  latin  indices  running 
from  1  to  3,  corresponding  to  the  three 
dimensions  of  space.  The  surface  is  a  two- 
dimensional  subspace  and  the  set  of  points 
is  thus  a  two-dimensional  array.  This  de¬ 
termines  a  system  of  coordinate  lines  on 
the  surface  and  each  point  is  characteri¬ 
zed  in  this  system  by  two  coordinates  x*  , 
v.kI.2.  .  These  surface  coordinates  will  be 
characterized  by  greek  indices  which  may 
take  values  1  and  2.  There  is  a  one  to  one 
correspondence  betv.*een  the  {x*-Jand  the  lx1}  , 
even  if  there  is  no  analytical  function  re¬ 
presenting  the  connection.  With  a  represen¬ 
tation  of  the  surface  by  bicubic  splines  we 
may  cast  this  correspondence  into  functional 
form 

V'*.  p(X*,X*)  (1) 


Coordinate  systems  on  the  surface  are 
often  chosen  conforming  the  flow  field.  In 
a  first  order  boundary  layer  calculation 
this  may  be  the  field  of  outer  flow  obtai¬ 
ned  as  potential  flow.  To  obtain  the  poten¬ 
tial  flow  the  surface  had  to  be  represented 
in  a  suitable  manner,  what  means  that  the 
construction  of  flow  oriented  coordinates 
comes  out  to  be  the  second  coordinate  sy¬ 
stem  to  be  constructed.  This  construction 
has  to  be  repeated  for  every  flow  case  to 
be  investigated.  Thinking  of  a  ship  hull, 
another  trim  angle  will  require  another 
coordinate  system  based  on  an  outer  flow 
field  calculation  for  that  angle.  So  there 
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are  reasons  not  to  use  so  called  streamline 
coordinates  but  a  system  fixed  to  the  sur¬ 
face  independent  of  the  flow  situation. 


We  define  the  normal  through 


(9) 


The  surface  coordinates  will  generally 
be  nonorthogonal  and  curvilinear  and  base 
vectors  are  defined  as 

<2> 

They  are  called  the  covariant  base  and  are 
functions  of  the  coordinates  again  their 
direction  in  space  changing  with  position 
on  the  surface.  The  shorthand  notation  for 
the  partial  derivatives  will  be 

used.  With  this  base  a  metric  is  defined f 
determined  by  the  tensor  a.^  of  the 
first  fundamental  form  of  the  surface 


3  . 

=  arx£t r,j(=  £  a.**, a-y) 


0 

a  covariant  tensor.  The  Einstein  summation 
convention  will  also  be  used  throughout: 

The  appearance  of  two  identical  indices  in 
one  term  shall  imply  a  summation  over  their 
value  range. 


Through 


another  set  of  base  vectors  is  defined,  the 
contravariant  base.  Accordingly  these  de¬ 
fine  the  contravariant  metric  tensor 

<x*A  =  (5) 


In  nonorthogonal  coordinates  one  has 
to  distinguish  between  the  covariant  compo¬ 
nents  t>*  (index  in  the  lower  position) 
referring  to  the  base 

u'  =  t (6) 


of  a  given  vector  and  the  contravariant 
components  v*  (index  in  the  upper  positi¬ 
on)  referring  to  the  base  ct‘« 

■v  r  =  v-*  ( 7 ) 


of  the  same  vector.  The  two  forms  of  metric 
tensor  give  the  connection  between  them 

if  *  =  &*/*  Va  ,  ( g) 


as  base  vector  for  this  dimension.  Here 

f  i  «•/  I,J«K  =  ji.r/jt 

x  J  ( 

~  ]  -1  if  \i'h 

/  h,i,3 

V.  o  otherwise 

iy  ■  YZ  (°  l)  ( 


=  ale  t  C  CL  k#) 


A  rule  for  obtaining  derivatives  in 
curvilinear  coordinates  must  be  given.  An 
infinitesimal  displacement  leads  to  a  two¬ 
fold  change  in  vectors.  They  eventually 
variate  as  functions  in  relation  to  the 


aj{x,+dx‘\x2) 


V7  h  1N 


fill  dx1 


dx'  _  / 


i.e.  the  metric  tensor  may  be  used  to  rise 
or  iuw«=i  indices. 

Since  the  surface  is  two-dimensional 
in  three-dimensional  space  there  is  only 
one  dimension  left  for  a  normal  space  to 
the  surface. 


Fig.  1  Base  vectors  and  their 

derivatives  on  ti»=  surface' 
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local  base  vectors  and  in  addition  these 
ba3e  vectors  may  have  suffered  a  change  in 
direction  in  space.  This  change  may  be  visu¬ 
alized  as  a  difference  vector  (obtained  as 
difference  between  the  original  and  the 
displaced  base  vector  as  shown  in  Fig.  1). 
This  difference  vector  is  decomposed  (as 
shown)  into  its  projections  onto  the  base 
vectors  CL\,  aJ*.  and  onto  the  normal  'H.1  . 

In  order  to  compensate  for  the  variation  of 
the  base,  the  covariant  differentiation  for 
a  vector  is  defined  by 


(We  will  use  uu  for  the  covariant  diffe¬ 
rentiation  in  the  surface  coordinate  system, 
as  i«  was  used  for^/^x*/  the  ordinary 
differentiation.)  The  components  (3*^3  will 
be  zero  if  the  surface  is  a  plane.  So  the 
emerge  as  a  convenient  measure  of 
curvature.  The  are  the  components  of 

the  tensor  of  the  second  fundamental  form 
of  the  surface.  It  is  evident  that  this 
tensor  depends  on  the  coordinate  system  on 
the  surface. 

By  a  transformation  to  principal  axes 
the  eigenvalues  (characteristic  values, 
proper  values)  and  atx  of  may 

be  found.  This  eigenvalues  are  termed  the 
principal  curvatures  and  the  corresponding 
eigenvectors  (characteristic  vectors)  deter¬ 
mine  the  directions  of  the  principal  curva¬ 
tures  and  are  orthogonal  to  each  other. 

A  measure  for  the  curvature  noc  de¬ 
pending  on  the  specific  surface  coordinate 
system  is  desirable.  The  tensor  63  has 
two  invariants  " 

H~  a:  +  bi  (14) 

and 

C  hi  is  obtained  from  by  rising  one 


index  6*f  =  &.<vbv# ) 


These  invariants  are  appropriate  to  quanti¬ 
fy  curvature.  A  picture  of  the  isolines  of 
H  and  K  on  the  surface  projected  onto  a 
suitable  plane  will  give  a  rather  complete 
picture  of  the  curvature  distribution. 

Fig.  3  shows  such  isolines  for  the  bulbous 
bow  region  of  a  ship  hull. 

Boundary  layers  develop  under  the 
pressure  field  of  the  outer  flow,  a  field 
we  may  represent  by  isolines  of  pressure 
on  the  hull  surface.  At  the  same  time  the 
be*«dary  layer  suffers  the  influence  of  the 
curvature  which  we  may  visualize  in  an  in¬ 
variant  manner  by  such  charts  of  isolines 
for  the  fields  of  H  an.'  K  . 


The  facts  about  the  differential  geome¬ 
try  of  surfaces  reviewed  here  are  well  known 
and  this  formalism  is  also  found  in  text¬ 
books  on  fluid  dynamics  (Ref.1).  This  forma¬ 
lism  has  found  broad  application  in  sciences 
where  curvature  is  important  like  elasticity 
theory,  shell  theory,  general  relativity, 
etc. 

Generally  in  papers  on  boundary  layer 
calculation  the  coordinate  systems  were 
chosen  to  be  orthogonal.  The  equations  are 
formulated  neither  in  terms  of  covariant 
nor  in  terms  of  contravariant  components  of 
the  velocity  vector  but  generally  the  so 
called  physical  or  natural  components  are 
chosen  because  they  have  the  physical  dimen¬ 
sions  as  one  expects  them  to  be.  The  matter 
of  physical  components  has  been  reviewed  by 
Truesdell  (Ref. 2).  In  his  paper  rule3  are 
given  to  relate  the  physical  components  of 
vectors  to  their  covariant  and  contravari¬ 
ant  components,  being  the  metrics  of 
the  coordinate  system,  it  is  shown  that 


are  the  appropriate  choices  in  our  notation. 
In  orthogonal  coordinates  it  has  become 
usual  to  write 


With  the  rules  given  how  to  obtain  physical 
components  of  vectors,  tensors,  Christoff el 
symbols,  etc.  the  equations  may  be  transla¬ 
ted.  Most  papers  on  boundary  layer  calcula¬ 
tions  start  from  equations  written  in  physi¬ 
cal  components  but  for  a  general  treatment 
of  the  equations  the  covariant  or  contra¬ 
variant  from  is  more  manageable.  It  should 
be  remarked  that  there  are  different  pos¬ 
sible  ways  to  define  physical  components 
(Ref. 3) . 

In  order  to  be  able  to  formulate  dif¬ 
ferential  equations  in  the  wall  oriented 
coordinate  system  ClF,  ,  fitfi  and  (one 
may  take  the  system  cit  ,  and  as 
well)  we  need  expressions  for  CL‘ and 
7tr-j  as  related  to  this  base.  These  de¬ 
rivatives  arc  tensors  and  the  appropriate 
tensor  base  is: 


to  this  base  are 


O-iCf-r 

a;  a* 

(X‘  *> 

dial 

0-1*3 

7tra; 

n1  aj 

Tl'Hj 

>  of  dm  13  and 

■KT!3  1 

mi 

L\i 

o 

- 

— 

tel 

tel 

o 

b*- 1 

o  , 

ac  =  i,  t 


lllll  h'n  n  i  h  miihU  iJt'ulIrlmhi  ifnrli  u1 


-b\  o 
“hi  -k\.  o 


Equivalently 

&>*ij  —  (yij  -4*  »t<  *  harO^j 

=  -b^CLlCC?  (17) 

In  the  matrix  (  <2.«i.r)  the  last  co¬ 
lumn  contains  zeros  just  because  we  are 
dealing  with  a  single  surface.  It  is  of 
course  possible  to  construct  a  so  called 
system  of  normal  coordinates  where  the  base 
vectors  and  g  are  defined  by 


and  the  S, 


dr  -Mfters  (Ref. 4) 


-  s:-  x-’b; 


while  >t 1  is  kept  as  third  base  vector  . 
The  ^ **  thus  span  coordinate  surfaces  pa¬ 
rallel  to  the  given  surface.  In  the  matrix 
( -n.  *,j  )  the  last  elements  of  the  two  first 
rows  are  zero  because  we  have  straight  li¬ 
nes  as  coordinate  lines  in  normal  direction. 
This  principle  may  well  be  abandoned  in  fa¬ 
vor  of  coordinate  lines  that  bend,  a  possi¬ 
bility  that  could  become  important  to  be 
used  in  concave  regions  of  the  wall  surface 
in  order  to  avoid  the  intersection  of  the 
straight  normals. 


The  Geometry  of  a  Single  Curve 

Again  a  curve  shall  be  given  in  the 
over  all  Cartesian  coordinate  system  by 


tf1  =  X‘(r) 


i  1  s  **»  z ,  3 


T being  a  parameter,  our  coordinate  on  the 
curve.  Since  the  curve  is  a  one-dimensional 
space  we  have  only  one  base  vector,  the 
tangential  vector  sr.  It  is  obtained  by 
differentiation 

S*  -v  >?*>->- 


The  curve  may  be  embedded  in  a  two-dimen¬ 
sional  space  (a  surface)  or  in  three-dimen¬ 
sional  space.  In  the  first  case  only  one 
base  vector  is  needed  in  addition  to  span 
the  normal  space  to  the  curve  which  now 
also  has  merely  one  dimension.  In  the  se¬ 
cond  case  the  normal  space  will  have  two 
dimensions  (planes  perpendicular  to  the 
curve)  and  two  base  vectors  are  needed  to 


span  it. 

The  parameter  T  along  the  curve  may 
or  may  not  be  the  arc  length  s  along  the 
curve.  We  have 

(di1  =  ^  (21) 


and  we  may  identify 


4  1  -  X‘,r  X/ 


with  the  metrics  on  the  curve  (now  a  1  times 
1  matrix)  corresponding  to  on  the  sur¬ 

face.  As  base  vector  on  the  curve  the  unit 
tangential  vector  (Fig.  2) 


is  chosen.  The  vector  $f  being  a  unit  vec¬ 
tor  implies 

S*Stis  —  Sf  =  ° 


what  means  that  the  direction  of  Stts*ds‘/Atls 
at  right  angles  to  .  This  direction  is 
taken  for  the  first  of  the  two  base  vectors 
needed  to  span  the  normal  space  and  we  de¬ 
fine  this  base  vector  called  the  principal 
normal  A, 1  by 

/  r  ,  d.  s*  _  s*.t 

ds  1ET  {24> 

or  with  the  coordinate  T 

£T  -  dsc  _  ds_  _  ■£,  cCs* 

at  d-r  x  cLs  nt-r-  ^7  ds 


—  is  termed  the  curvature.  sr  and 

L  r  determine  the  so  called  osculating  pla¬ 
ne  (Fig.  2).  As  second  base  vector  for  the 
normal  space  a  unit  vector  at  right  angles 
to  3r  and  AT  is  chosen.  It  is  termed 
b  T  .  the  binormal. 

Again  the  variations  of  the  base  vec¬ 
tors  otsT/d.s ,  c£4.*/d.t  and  are 

considered  when  proceeding  along  the  curve 
to  a  point  in  the  infinitesimal  neighbour¬ 
hood  of  the  starting  point.  Projecting  the 
variation  eLit/ds  onto  je  would  give  us 
the  Christoffel  symbol.  We  have  seen  that 
this  is  equal  to  zero  5r  being  a  unit  vec¬ 
tor.  Projection  of  the  variations  onto  A. T 
and  b  1  will  proportionate  magnitudes  which 
are  the  equivalents  to  6 ^  on  the  surface. 
The  result  are  the  well  known  Serret-Frenet 
formulae 

=  -Z*sr  *TjbL 

-T,  A1  (25) 
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osculating  plane 


differential  equations  in  this  system  we 
need  expressions  for  the  components  of 
St>3  ,  (  x'j  and  »cro  referred  to  the  base 


S'Si 

t‘s> 

*i eSj 

t't, 

s**, 

The  matrices  of  these  components  (equivalent 
to  {  Cl'i,}  ),  (aU/j  )  and  (  )  on  the 

surface)  may  be  written 


/  «' "  »°!  / 

tangential  plane  // 

* — \ 


\°  t 


r # 


Fig.  2 


Vector  base  systems  for  a 
curve  on  a  surface 


Surfaces  having  the  same  first  two 
fundamental  forms  are  intrinsically  the  sa¬ 
me  and  can  be  brought  into  coincidence  by  a 
rigid  motion.  Similarly  curves  with  the  same 
T^s  and  tt  are  intrinsically  the  same. 

Matrices  {  $  *  13  ) ,  (  A  ri  j  )  and  (  b  ‘,3  ) 
of  components  relating  to  the  base 


O 

O 

O 

O 

~TS 

,  O 

0 

S'Sj 

Ar- h 

b's. 

s*Ji, 

k’bj 

b‘h 

S'bj 

k'bj 

may  again  be  derived  (Ref.  5, 6). 

A  similar  treatment  leads  to  a  deduc¬ 
tion  of  appropriate  base  vectors  for  a  cur¬ 
ve  on  a  surface  and  equivalent  relations. 

S*  as  previously  defined  is  taken  as  base 
vector  on  the  one-dimensional  curve  but  the 
two-dimensional  normal  space,  the  planes 
perpendicular  to  the  curve  are  now  subten¬ 
ded  by  the  vector  it1 ,  the  normal  to  the 
surface  and  a  vector  f  *  chosen  at  right  ang¬ 
les  to  both  ST  and  ttr  ,  as  shown  in  Fig. 2. 

•*.*  and  are  unit  vectors.  Again  it  is 
found,  that  the  equivalent  to  the  Christof- 
fel  symbol  is  identically  tero.  The  equiva¬ 
lents  to  the  components  of  the  tensor  of 
the  second  fundamental  form  of  a  surface 
are  now  three  magnitudes  which  bear  infor¬ 
mation  on  the  curvature  of  the  curve:  The 
geodesic  curvature  Xp  ,  the  geodesic  torsi¬ 
on  t'j  and  the  normal  curvature  .  The 
latter  one  is  identical  with  the  normal  cur¬ 
vature  of  the  surface,  t-j  and  depend 
on  the  surface  curvature  but  ttf, ,  the 

geodesic  curvature,  does  not.  These  depen¬ 
dences  are  going  to  be  shown  explicitly  at 
continuation.  It  must  be  stressed,  that 
only  and  Tj  will  transmit  information 
on  the  surface  curvature  through  6>y$  . 

In  order  to  be  able  to  operate  with 


The  five  quantities  appearing  are  the  geode¬ 
sic  curvature  a tj,  for  the  curve  (in  the  di¬ 
rection  of  i'  )  and  the  normal  curvature 
Xnt  in  the  direction  s *  ,  the  geodesic 
curvature  xJt  of  the  curves  perpendicular 
to  the  given  curve,  the  normal  curvature 
# in  the  direction  tx  and  the  geodesic 
torsion  Tj  .  If  we  write 

S‘=S»tX*,  ,  {'--i'CL** 

5”„  =  S*'.,  SJ  ,  =  tv„  {■’ 

we  obtain  with  these  surface  components  S * 
and  t  **  the  expressions 

X.,f  =  S'* 

-  t  *  Sv,t 
=  -S-'tvti 

Tf  ~  £**54  S'*  (29) 

=  -  ivs„t 

*«<=  {'by,  t* 


for  the  magnitudes  defined.  The  usual  defi¬ 
nitions 

«//  =  Sr  at/  -h.* 

=  £uh  (30) 
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“Zf  -  £-I3K  St'**‘K*,* 

(  x.«„  =  *VS‘) 


-  Ctj  *  Sl  i3 1  ‘ 


£ft  =  £.ij*  6C  **  »t* 


with  the  vector  curvature* 

X3(  =  S*ts  =  Ct-V.S1',,  +■*.' Svb»rSr 

X*  -tJ,t  =  +  ^6vb»rtr 


are  readily  shown  to  lead  to  the  expressi¬ 
ons  given. 

By  scalar  multiplication  with  s3  equa¬ 
tions  for  the  rate  of  variation  of  jf,  t 3 
and  Hr  due  to  a  translation  along  the  curve 
are  found 


+  Tj  **-c 


n1:,  ~  -  T.t* 


These  are  the  Burali-Forti  formulae,  the 
equivalent  to  the  Frenet-Serret  formulae. 

A  connection  between  the  magnitudes 
X,  and  r»  of  the  Sr  h-c  b*  representation 
and  the  magnitudes  XJS  ,  Xm,,  and  ~tj  of  the 
f  •’  n’  representation  is  desirable.  De¬ 
noting  by  <P  the  angle  between  k‘  and  *t‘  (or 
between  bl  and  6 1  )  (see  Fig.  2}  this  con¬ 
nection  is  given  by 


*/  «  +  *1? 


X  =  *,  SCK  <p 

4 


-r  =  rt  +  5<i^al3Sa 
+«/- 


S  arc  <4x 


X  ,  =  ttt  COS 


BASIC  FLOW  EQUATIONS 
General  Remarks 

With  the  geometrical  relations  so  far 
reviewed  the  basic  equations  of  fluid  flow 
may  be  formulated  or  relating  to  a  normal 
coordinate  system  on  the  wall  surface 
(  <t*%t  a.  ex, ,  Kz  )  or  as  intrinsic  equations 
along  stream  lines.  In  the  latter  case 
there  are  two  base  systems  which  might  be 
chosen,  one  (  sc ,  kt,bt)  really  intrinsic 
to  the  streamline,  the  other  one  (  sr ,  £ *,  ■*') 
being  oriented  in  relation  to  the  wall  sur¬ 
face.  A  formulation  is  possible  such  that 
one  may  discriminate  between  terms  accoun¬ 
ting  merely  for  the  geodesic  curvature  of 
the  curves  and  terms  accounting  for  the  cur¬ 
vature  of  the  wall  surface  as  well  in  the 
la'i.ft',,) tr)  as  in  the  (  s*,  e1,  >t3)  repre¬ 
sentation. 

Evidently  nothing  is  gained  concerning 
turbulence  whatever  representation  is  cho¬ 
sen  and  the  problem  of  modeling  the  Rey¬ 
nolds  stresses  assuming  appropriate  relati¬ 
ons  in  order  to  obtain  a  closure  of  the 
system  of  equations  remains  open,  neverthe¬ 
less,  some  features  clearly  appear.  If  the 
concept  of  eddy  viscosity  is  generally  app¬ 
lied  a  proportionality  to  t/*i3  is  postu¬ 
lated  v*  being  the  mean  velocity  vector.  In 
general  coordinates  in  the  expression  for 
tr  «  v»  terms  regarding  the  geodesic  cur¬ 
vature  of  the  coordinate  lines  appear.  To 
assume  the  turbulent  stresses  to  depend  on 
them  will  not  be  very  meaningful.  A  depen¬ 
dence  on  the  lateral  spreading  and  the  geo¬ 
desic  curvature  of  streamlines  clearly  may 
be  of  importance.  If  a  closure  is  achieved 
by  additional  transport  equations  then  a 
certain  influence  of  curvature  has  been 
taken  into  account  through  curvature  terms 
that  might  appear  in  this  additional  equa¬ 
tions.  On  the  other  side  expressions  for 
the  eddy  viscosity  have  been  applied  where 
curvature  effects  are  taken  into  account 
(Ref. 7,  Ref. 8).  Depending  on  the  model  cho¬ 
sen  for  closure  the  influence  of  curvature 
enters  at  different  levels.  A  clear  state¬ 
ment  about  the  influence  of  curvature  may 
not  be  made  as  long  as  there  are  no  compu¬ 
tations  made  with  the  same  method,  using 
the  same  turbulence  model  or  closure  assump¬ 
tions  on  various  test  cases  with  different 
geometrical  characteristics.  Even  then  a 
different  performance  of  the  turbulence 
model  might  obscure  any  results  since  gene¬ 
rally  experimental  data  on  turbulence  is 
not  available  against  which  to  check  the 
model  assumptions. 

In  the  following  the  complete  form  of 
the  equations  will  not  be  written  down.  The 
terms  originating  from  the  second  derivati¬ 
ves  lead  to  lengthy  expressions.  We  choose 
to  write  for  the  stresses  in  order  to 

differentiate  against  the  T  used  for  the 
geometrical  magnitude  torsion  and  will  in¬ 
clude  both  the  viscous  and  the  turbulent 
stress  in  the  &  . 


The  buoyancy-curvature  analogy  forwar¬ 
ded  by  Prandtl  (Ref. 9)  has  been  reviewed 
elsewhere  (Ref. 10)  and  compared  to  experi¬ 
mental  evidence  (e.g.  Ref. 11).  It  will  not 
be  pursued  in  the  frame  of  this  paper. 


The  Flow  Equations  in  Wall  Oriented  Coordi¬ 
nates 

With  a  coordinate  system  on  the  wall 
surface  which  may  be  curvilinear  nonortho- 
gonal  a  three-dimensional  coordinate  system 
may  be  constructed  by  taking  straight  lines 
along  the  direction  normal  to  the  surface 
as  third  family  of  coordinate  lines.  A 
base  vector  (equation  18  )  at  a  cer¬ 
tain  distance  from  the  wall  surface  will 
not  be  parallel  to  the  corresponding 
on  the  surface.  The  metrics  in  such  coordi¬ 
nates  will  thus  be  strongly  dependent  on 
.  ,  the  surface  curvature.  This  depen- 
delice  is  usually  neglected  and 

-ft**  =  (34) 

is  assumed.  In  the  equations  given  at  con¬ 
tinuation  we  will  consider  the  interesting 
domain  adjacent  to  the  wall  to  have  an 
extension  normal  to  the  wall  small  as  com¬ 
pared  to  wall  curvature  radius  so  as  to 
ensure  the  validity  of  the  assumption  (34) 
(boundary  layer) .  For  thick  boundary  lay¬ 
ers  this  will  no  longer  be  valid  and  the 
equations  will  become  more  complex  (Ref. 
12).  For  the  case  of  orthogonal  coordina¬ 
tes  the  equations  are  well  known  (Ref. 13, 
Ref. 14).  For  the  special  case  of  curvature 
lines  (lines  in  direction  of  the  principal 
curvatures)  as  coordinate  lines  on  the  sur¬ 
face  (Ref. 15)  there  is  a  certain  simplifi¬ 
cation.  Since  derivatives  of  base  vectors 
and  metrics  are  needed  it  becomes  evident 
that  not  only  the  magnitude  of  wall  curva¬ 
ture  but  also  the  magnitude  of  its  varia¬ 
tion  will  appear  in  the  equations.  Little 
attention  has  been  given  to  this  effect 
though  it  has  been  pointed  out  from  time 
to  time  (Ref. 12,  Ref. 16). 

With  fv*  vfas  velocity  vector  we  have: 


ftt  t  (  $v-r).r=  o 

(continuity) 


-bi^v*  ■+v,'liv}) 
r  (35) 

=  yi  ®v*, 

r,  2 

tV-^vA  +  by*  VvVf*  +  V  Km  V1) 
(momentum) 


Using  the  short  hand  notation  for  the  cova¬ 
riant  differentiation  all  the  terms  with  the 
Christoffel  symbols  have  been  absorbed  into 
the  derivatives,  only  the  dependence  on  the 
surface  curvature  appearing  explicitly.  So 
in  detail 

vA  Vvi/A 

=  et'vjsi 

(31) 


leading  to  the  terms  for  the  geodesic  curva¬ 
ture  of  the  coordinate  lines  which  in  the 
case  of  orthogonal  coordinates  are  usually 
labeled  Kyf  . 

Thinking  of  boundary  layers  <TJ*  will 
be  the  predominant  component  of  the  stress 
tensor  and  the  last  term  in  the  first  equa¬ 
tion  will  become  noticeable.  The  curvature 
term  On  the  left  hand  side  of  the  second 
equation  has  often  been  used  to  derive 
pressure  variation  through  the  boundary 
layer. 


The  Flow  Equations  in  Intrinsic  Streamline 
Coordinates 

With  the  basic  equations  for 

the  velocity  f iv ’■ d  may  be  constructed  in 
intrinsic  coordinates,  that  is  in  the 
system  uniquely  attache.’  to  the  $  -curve 
which  now  i-  a  streamline.  This  representa¬ 
tion  is  restricted  in  •  ts  practical  appli¬ 
cability  by  the  Oct  we  have  no  direct 

relation  available  to  show  the  influence  of 
the  geometry  t!  a  bounding  surface. 

The  component  matrices  ( ST,j  ) ,  (  k  r»» ) 
and  ( b  (related  to  the  base  given  in 
equation  26)  contain  elements  (  X,  and  'tri  ) 
describing  the  curvature  and  the  torsion  of 
a  streamline  (they  appear  as  the  coeffici¬ 
ents  in  the  Serret-Frenet  formulae)  as  wall 
as  elements  describing  the  normal  and  the 
shear  deformation  of  the  curve  (6  additio¬ 
nal  magnitudes) .  The  description  of  the 
lateral  divergence  of  the  streamlines  is 
given  by  the  sum  of  the  diagonal  elements 
of  (S1.}),  [A,1  Sn 4  and  6 r ib  )• 

In  cases  where  the  curvature  and  tor¬ 
sion  are  predominant  the  formulae  otherwise 
crowded  with  coefficients  become  simple.  As 
an  example  we  give  the  expressionfor  the 
vector  i 3  the  divergence  of  the  stress 

tensor  :  (3?) 
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lines  will  become  feasible. 


The  Flow  Equation  in  Hall  Oriented  Stream¬ 
line  Coordinates 

With  the  expressions  for  the  derivati¬ 
ves  of  the  base  vectors  Sr  ,  tr  and  «-x 
in  this  system  (equation  27}  the  flow  equa¬ 
tions  may  be  formulated  in  components  rela¬ 
ting  to  this  orthogonal  system: 

Vti  ~  V-Kjt  -  ° 

(continuity) 

fvvti  =-/*/*  +03 t,i 

+ (*«« -i* )<r~, ffjt 

So'Xj,  -  -/*»■*  O-sns+CTtt.t 
-  TjOU, 

fv'-tent  +treH.,+  +<r**.,*. 

(momentum) 

(38) 

Expressions  for  the  vorticity  vector, 
vorticity  diffusion  equation  and  all  those 
well  known  basic  equations  may  be  formula¬ 
ted-  They  will  not  be  given  here. 

Neglecting  all  the  components  of  the 
stresses  but  O'*,  and  their  derivatives  and 
assuming  derivatives  in  the  direction  tan¬ 
gential  to  the  wall  to  be  small  we  would 
obtain  as  simplified  equations  of  motion: 

Svv'*  -  y1'!  *  ■*  {*.,* 

(39) 

f  V1  »Mf  =  -/*>"■  “ 

PPLICATION  TO  BOUNDARY  LAYER  FLOW  ON  SHIP 
ri  JLLS 


Experimental  Data 

One  of  the  main  problems  for  the  tho¬ 
rough  testing  of  prediction  methods  and  cal¬ 
culation  procedures  is  the  lack  of  data  from 
experiments.  In  order  to  investigate  the  in¬ 
fluence  of  curvature  on  three-dimensional 
boundary  layer  flow  detailed  experimental 
surveys  of  such  flows  must  become  available. 
The  points  in  space  where  the  values  are 
taken  should  be  so  closely  spaced  that  the 
flow  line  pattern  in  three  dimensions  may 
be  constructed.  The  spacing  should  also 
allow  for  a  numerical  determination  of  deri¬ 
vatives,  Only  then  a  detailed  comparation 
with  the  intrinsic  equations  along  Stream¬ 


Efforts  were  made  to  obtain  data  of  the 
required  completeness  (Ref. 17)  at  the  Insti- 
tut  ftir  Schiffbau,  Hamburg  University.  These 
measurements  were  made  with  pressure  probes 
and  therefore  no  information  on  the  turbu¬ 
lence  and  on  the  turbulent  stresses  was  ob¬ 
tained.  Only  with  the  availability  of  infor¬ 
mation  on  the  turbulence  parameters  a  criti¬ 
cal  evaluation  of  the  different  models  of 
turbulence  will  be  possible.  But  with  the 
knowledge  of  the  field  of  the  main  velocity 
and  the  curvature  terms  derived  from  wall 
curvature  an  agreement  or  disagreement  with 
the  intrinsic  equations  should  be  found 
within  the  frame  of  measurement  errors  and 
applying  one  or  the  other  model  for  the 
stress  terms. 

An  evaluation  of  the  vorticity  distri¬ 
bution  as  derived  from  these  measurements 
is  under  way.  Vorticity  fields  have  been 
obtained  previously  for  the  wake  region 
(Ref. 18).  From  the  vorticity  distribution 
in  the  boundary  layer  region  conclusions 
may  be  drawn  as  to  the  influence  of  the  cur¬ 
vature  on  the  vorticity  field  and  on  vortex 
structures  in  the  flow. 


Methods  of  Calculation 

There  is  a  large  number  of  methods 
available  now  for  the  calculation  of  the 
boundary  layer  flow  around  ship  hulls, dif¬ 
ferential  methods  as  well  as  integral  me¬ 
thods.  Different  additional  equations  are 
applied  (entrainment,  moment  of  momentum, 
etc.)  and  different  empirical  relations  as 
models  for  turbulence  dependent  quantities. 
Due  to  this  diverse  approaches  a  dependence 
on  the  wall  curvature  can  expected  to  be  de¬ 
tected  only  if  there  is  agreement  between 
results  of  the  methods  independent  of  the 
approach  chosen.  In  the  1980  SSPA-ITTC  Work¬ 
shop  on  Ship  Boundary  Layers  (Ref. 19)  compa¬ 
rative  calculations  on  two  test  cases  were 
performed  by  16  different  methods  competing - 
The  scatter  of  the  results  was  disappointing 
and  there  are  even  indications  that  a  depen¬ 
dence  on  step  length  or  mesh  width  used  in 
the  numerical  calculations  is  still  present 
in  some  methods. 

On  the  other  side  the  power  of  the  pre¬ 
diction  methods  has  long  been  demonstrated. 
An  example  is  the  integral  method  by  Himeno 
and  Tanaka  (Ref. 20)  which  was  shown  to  be 
able  to  reproduce  certain  features  of  the 
wake  when  extended  far  downstream  (Ref. 21, 
discussion) .  Integral  calculation  methods 
where  the  normal  curvature  of  the  wall  is 
taken  into  account  have  been  presented  in 
the  last  years.  Two  fine  examples  are  the 
method  by  Himeno  and  okuno  (Ref. 22}  and  by 
Nagamatsu  (Ref. 23}  where  the  boundary  layer 
thickness  is  considered  in  a  second  computa¬ 
tion  step  by  an  additional  normal  outflow 
velocity  as  proposed  by  Lighthill  (Ref. 24). 


The  large  differences  in  turbulence  distri¬ 
bution  due  to  different  models  have  been 
shown  by  Raven  (Ref. 24)  in  a  differential 
method  (presented  by  Hoekstra  and  Raven  at 
the  SSPA-ITTC  Workshop  on  Ship  Boundary 
Layers,  Ref. 19). 

The  state  of  the  art  being  this  there 
is  some  doubt  about  the  detectability  of 
curvature  effects  in  such  calculations.  It 
was  decided  that  no  additional  new  calcula¬ 
tion  method  should  be  developed  but  that 
calculations  would  have  to  be  performed  with 
available  and  well  proven  methods,  some  of 
which  had  been  put  kindly  at  our  disposit¬ 
ion,  by  introducing  into  them  step  by  step 
curvature  dependent  features  and  conserving 
the  computing  philosophy  of  the  method  un¬ 
changed  as  far  as  possible.  An  interchange 
of  turbulence  models  will  also  be  considered. 

First  step  in  such  an  investigation 
would  be  the  computation  of  metrics,  Chri¬ 
stoff  el  symbols,  curvature  magnitudes,  etc. 
This  was  performed  for  a  series  of  digiti¬ 
zed  ship  hull  forms  including  the  test  cases 
of  the  SSPA-ITTC  Workshop  on  Ship  Boundary 
Layers  at  Goteborg  and  some  of  the  test  ca¬ 
ses  of  the  Workshop  on  Ship  Wave  Resistance 
Computations  at  DTNSRDC,  Bethesda,  1979. 

Fig.  3  shows  schematically  a  part  of  the 
results  for  another  hull.  The  ship  is  the 
"Sydney  Express"  and  the  isolines  of  the 
mean  and  the  Gaussian  curvature  have  origi¬ 
nally  been  plotted  by  computer  as  projecti¬ 
ons  to  the  midship  plane.  These  quantities 


-  H  =  const  • 

- K  =  const. 

Fig,  3  isolines  of  mean  (H)  and 

Gaussian  (K)  curvature  on  the 
bow  region  of  a  ship  hull 

are  well  suited  to  give  a  surface  curvature 
characterization  since  they  are  invariants, 
independent  of  the  coordinate  system  chosen 
on  the  surface.  Extreme  care  is  needed  to 
deduce  smooth  curvature  information  since 
it  is  obtained  from  the  second  derivatives. 
Good  spline  approximations  have  to  be  con¬ 
structed  first.  Here  still  some  improve¬ 
ments  are  desirable.  This  geometrical  in¬ 


formation  is  stored  in  the  computer.  The 
well  documented  test  case  of  the  mentioned 
workshop  in  GSteborg  (Ref. 19,  Ref. 17)  is 
the  first  object  being  studied.  Results  are 
not  yet  available.  Since  hot  wire  investiga¬ 
tions  will  also  be  performed  these  will 
enhance  considerably  the  information  about 
this  complex  flow  and  provide  means  to 
check  the  reliability  of  turbulence  model 
assumptions. 


CONCLUDING  REMARKS 

Experimental  results  are  disclosing  the 
full  complexity  of  the  flow  around  a  ship 
hull.  We  are  used  to  treat  the  flow  in  the 
spirit  of  classical  boundary  layer  theory. 

We  will  possibly  have  to  learn  that  the 
simple  division  into  boundary  layer  and 
outer  potential  flow  will  not  work  with  the 
regions  of  high  vorticity  (and  also  detached 
vortices)  extending  so  far  out. 

This  should  not  prevent  the  applicati¬ 
on  of  calculation  methods  available  with 
all  the  care  that  is  needed  regarding  nume¬ 
rics,  step  size  and  the  geodesic  curvature 
of  coordinate  lines  usee.  The  influence  of 
wall  curvature  nay  then  be  tracked  using 
the  appropriate  formulation  as  far  as  in¬ 
certitudes  due  to  the  empirical  treatment 
of  turbulence  can  be  overcome.  It  was  the 
aim  of  this  paper  to  review  tha  matter  of 
curvature  and  the  pertinent  relations. 
Considerable  computation  work  will  have  to 
be  done  in  order  to  show  the  influence  of 
curvature  by  comparing  different  test  cases 
using  different  turbulence  models- 
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Discussion 


formed  from  a  set  of  n  partial  derivatives 


A  Y,  Odaoaji  0S.TAI 

Dr.  Kux,  in  his  paper,  presents  us  the 
basic  concepts  of  the  differential  geometry 
from  which  he  develops  alternative  forms 
for  the  boundary  layer  equations  and  pro¬ 
poses  a  way  to  assess  the  relative  influence 
of  curvature  on  the  flow  development. 

Since,  we  at  BSRA  spent  a  considerable 
amount  cf  tine  and  effort  on  the  same  sub¬ 
jects,  I  would  like  to  bring  sore  relevant 
points  to  the  author's  attention  and  also 
to  shed  some  light  into  a  point  which  is 
related  to  the  use  of  invariant,  covariant 
and  eontravariant  transformations  in  rela¬ 
tion  to  the  transformation  of  physical 
quantities,  cf .  1) . 

In  many  practical  problems  it  is  often 
necessary  to  employ  a  coordinate  systtss 
which  suits  the  problem.  The  difficulty 
associated  with  the  coordinate  transforma¬ 
tion  is  in  expressing  the  equations  de¬ 
scribing  the  system  behaviour.  Provided 
that  the  coordinate  transformation  is  ad¬ 
missible  21thac  is  the  transformation  equa¬ 
tions 


(3) 


The  question  is  then  what  does  the  set  {fxj.) 
become  when  the  coordinates  x^  are  sub¬ 
jected  to  a  transformation 

xi  =  xity,,.  -  .  y„).(i  =  1..  -  .  »)- 

(4) 

The  answer  depends  what  the  corresponding 
functions  in  the  V- frame  is  to  mean  in  any 
given  situation.  For  example,  one  may 
insert  in  each  functio-.  £xjlxl«  •  -  <  *n) 
the  values  of  x’s  from  C4).  This  will 
yield  a  set  of  functions  gjty^,  .  .  ,  yn) . 
If,  however,  one  has  in  mind  the  notion  "of 
a  gradient  of  f (?) ,  the  corresponding  func¬ 
tions  are  not  gjJyj,  ...  ya)  but  the  set 
of  n  partial  derivatives 


which  are  computed  by  the  rule  for  dif- 
*  rentiation  of  composite  functions 


9f  -  Sf  ~'j 

8 5X4  8Vj  <i,j  =  1.  2  .  .  ,  n 

(5) 


i'l  =  i'i  {sl»  •  -  -  *  xR)  (1) 

Ci  —  1,2,  *  .  nl 

are  continuous  together  with  their  first 
partial  derivatives  and  the  Jacobian  deter¬ 
minant  J  =  i3yj/3*ii  does  not  vanish  at  any 
point  in  the  region  of  interest,  one  may 
speak  of  three  types  of  transformations: 

Cl)  transformation  by  invariance,  (21  trans¬ 
formation  by  covariance,  and  C 31  transfor¬ 
mation  by  contravariance. 

Wien  the  quantity  of  interest  is  a 
scalar  field  quantity,  such  as  kinessatical 
viscosity  or  any  other  scalar  field  func- 
wlOltf  its  V3  lue  remains  unchanged  although 
its  expression  say  differ.  For  example 
temperature  of  in  field  point  ia  Xj  coordi¬ 
nate  systffl  may  be  “(ij,  .  .  ,  xn)  and 
after  the  coordinate  transformation  it  be¬ 
comes 


hut  its  numerical  value  at  a  point  P  does 
not  change.  We  can  regard  the  scalar  func¬ 
tion  FC?>  as  being  defined  by  the  totality 
of  components  TCxj),  Cty-i,  etc.,  each  of 
which  is  related  to  we  another  by  the  sub¬ 
stitution  law  typified  by  formula  (2). 

This  substitution  transformation  is  called 
"transformation  by  invariance’’. 

Instead  of  dealing  with  a  function 
f(xi,x2.-  -  ,  Xn!  of  a  scalar  FfPJ  one  may 
be  interested  in  its  gradient  which  is 


here  and  onwards  the  summation  is  under¬ 
stood  over  the  repeated  indices. 

We  can  think  of  f  Sf/Pxjj  ,  { 3f/3y^} , 
etc.,  as  representing  the  same  entity  is 
different  reference  frames.  If  we  have  a 
set  of  n  functions  «t(x),  .  -  ,  AnCx } 
associated  with  the  X-coordinat e  system 
and  if  the  corresponding  functions  Si fyl , 

.  .  ,  3nCy)  in  the  Y-coordinate  system  is 
calculated  by  means  of  the  "covarlant  law" 


3i Cyl  —  -  A: !*)  ti, j  —  2,-  *  ,nl 

“  *Yi  J 

{&) 

the  sets  A: - x,  -  and  {B^Cy} } represent  the 
components  of  covari  ant  vectors  in  the  X- 
and  Y-coordinate  systems ,  respectively, 
and  this  form  of  transformation  is  called 
"transformation  by  covariance*. 

—  Finally,  we  may  think  or  two  points 
Pifxi,  ...  xR)  ar.d  Pjlii  +  dxi ,  .  -  »  sn 
dxrJ  and  consider  a  set'et  n  differen¬ 
tials 

dxj ,  dxj,  .  ,  ,  bx„ - 

These  differences  are  components  of  a  dis¬ 
placement  vector  in  the  --coordinate  sys¬ 
tem  and  the  same  displacement  vector  when 
referred  to  the  Y-coordinate  system  has 
its  components 

ay 2 (  dy  ^ i  .  .  ,  c  ■  *  ^ 

which,  by  virtue  of  the  transformation  (11, 
are  relate!  to  dxi's  by 


£ 

I 


iXj  \i,  j 


2 


i 


(7) 


If  vl  have  a  set  of  quantities  A^Cx),  .  .  , 
Ajj'xj  in  the  X -coordinate  system  and  deter¬ 
mine  the  coi  ■responding  functions  Bi  Cy) ,  -  - 
,  3n(y)  in  the  Y-ccordinate  system  by  means 
of  the  “contravariant  law* 

(y)  =  ■JJT  Aj(x)  (i,  j  =  I.  2,  -  -  ,  n) 

(8) 

the  sets  {Ay (x) }  and  {By (y) }  become  the 
coraponests  of  contravariant  vectors  in  the 
X-  and  Y-coordinate  systems,  respectively, 
ana  the  transformation  of  this  kind  is 
known  as  the  “transformation  by  contravari- 
ance*1 .  ~~  ””  ’  ™" 

The  next  point  is  related  to  the  equiv¬ 
alence  of  otherwise  of  curvature  or  stream¬ 
line  related  wall  coordinate,  Kesseling  3) 
in  a  study  on  the  nature  of  the  T5L  equa¬ 
tions  proved  that  these  equations  are  seai- 
invariant  with  respect  to  a  coordinate 
transformation  and  if  one  of  the  coordinates 
coincides  with  the  body  surface  they  become 
invariant  and  consequently  different  coordi¬ 
nate  systems  with  normal  being  a  coordinate 
should  reflect  the  influence  of  curvature 
equally  well.  As  to  the  eddy  viscosity 
formulae,  Mellor  and  Herring*  4)  proposed  an 
alternative  definition  which  is  invariant 
under  a  Galilean  transformation. 

The  final  point  I  would  like  to  take 
up  is  relative  merit  attached  to  the  extra 
strain  rate  effects  of  curvatures.  Ref. 1 10 1 . 

If  one  scans  the  recent  literature  in  the 
field  of  complex  boundary  layers,  one  would 
notice  that  representatives  of  all  three 
different  turbulence  modeling  have,  in  one 
way  or  another,  employed  extra  strain  rate 
corrections  to  obtain  a  better  correlation 
with  data,  ef.  Cebeci  5),  Rastogi  and  Rodi  6), 
wilcox  and  Charters  7),  and  Bradshaw  110:- 
In  fact,  recently  Bunt  and  Joubert  8)  showed 
that  a  third  order  study  of  the  experimental 
data  on  a  duct  flow  indicated  the  correct¬ 
ness  of  Bradshaw's  engineering  approximation 
method .  Sir.ce  we  do  not  want  ta  rediscover 
the  things  that  have  been  well-accustomed 
in  the  field  of  aeronautics  we  should  pay 
nor#  serious  attention  to  this  subject- 
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Author’s  Reply 


J.  Kux  (I fS) 


I  thank  Dr.  Odabasi  for  his  discussion. 
Be  gives  an  extensive  contribution  regard¬ 
ing  the  transformation  of  physical  quanti¬ 
ties.  I  appreciate  his  consent  on  the  work 
done  in  the  field  of  aeronautics  because 
in  fact  there  are  possibilities  that  results 
obtained  in  that  field  might  be  overlooked 
by  ship-hydrodynanicists -  Nevertheless  i 
had  knowledge  of  most  of  the  additional  re¬ 
ferences  Dr I  Cdaba?!  cites.  It  is  sy  opin¬ 
ion  that  the  approach  I  have  chosen  in  my 
paper  is  somewhat  different. 
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ABSTRACT 

This  paper  describes  the  first  stages 
in  the  development  and  application  of  a 
finite-difference  calculation  procedure 
employing  a  two-equation  turbulence  model 
(k,e),  to  the  prediction  of  the  flow  around 
an  appended,  submerged  body. 

Initial  studies  were  conducted  to  pre¬ 
dict  the  steady  flow  field  over  and  behind 
an  appendage  protruding  through  a  plane 
boundary  layer.  The  procedures  developed 
to  calculate  both  the  two-  and  three- 
dimensional  wake  fields  are  presented.  For 
the  two-dimensional  case  the  method  employed 
is  partially-parabolic  and  thus  takes 
account  of  lateral  pressure  variation  but 
cannot  predict  flow  separation  and  recir¬ 
culation.  The  three-dimensional  flow  field 
is  also  non-parabolic;  however,  by  using 
the  two-dimensional  partially-parabolic 
solution  it  is  possible  to  decouple  the 
pressure  in  the  momentum  equations  and  thus 
render  the  solution  parabolic.  This  con¬ 
siderably  simplifies  the  computation 
procedure  compared  with  that  of  a  three- 
dimensional  partially-parabolic  solution. 
Comparison  between  calculated  velocities 
and  measured  data  demonstrate  that  the 
technique  has  the  potential  to  warrant 
extension  to  consideration  of  the  flow 
around  an  appended  body. 

The  application  of  the  partially- 
parabolic  calculation  procedure  to  an  un¬ 
appended  axisymmetric  body  is  described  and 
comparison  again  made  between  predicted  and 
measured  parameters.  The  calculated  axial 
variation  of  skin  friction  and  boundary 
layer  thickness  are  shown  to  be  in  close 
agreement  with  experimental  values  but  the 
static  pressure  gradient  and  total  velocity 
are  both  over  predicted  in  the  tail  region. 

The  implications  of  the  above 


comparison  on  the  application  of  the  pre¬ 
diction  method  to  submerged  bodies  is 
discussed  and  proposals  made  for  further 
work . 

NOMENCLATURE 

C. ,0o ,Cn  constants  of  the  (k,e)  turbulence 
1  1  u  model. 

F,  body  force  in  the  j -momentum 

J  equation. 

J,  .  flux  of  <J>  along  the  i-th  direc-- 

tion. 

k  kinetic  energy  of  turbulence. 

I  dissipation  length  scale. 

^wake  mixing  length  in  wake  flow. 

Lm  m3 xing  length, 

p  static  pressure. 

p  space  averaged  pressure  over  a 

cross  section. 

qp  total  velocity  at  point  P. 

r,9,z  cylindrical  polar  coordinates. 

rg  hydrofoil  radius. 

rN  radius  of  the  outer  boundary  of 

calculation  domain. 

s  distance  along  a  streamline, 

s^  source/sink  term  for  variable  <?. 

velocity  component  in  direction  i 

u,v,w  circumferential,  radial  and  axial 
velocity  components  in  a  cylmdri 
cal  polar  coordinate  system. 

u,v  streamwise  and  lateral  velocity 

components  in  a  il'-x  coordinate 
system. 
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x  axial  coordinate. 

Xfj.  axial  coordinate  of  trailing  edge. 

y(if>,.\)  the  lateral  coordinate  of  point 

Gr  ok  Symbols 

a  angle  made  by  streamlines  with  the 

x-axis . 

e  dissipation  rate  of  turbulence 

energy . 

curvilinear  coordinates. 

Pl’®2’  > haracteristic  distances  used  in 

0  mixing  length  calculations. 

u 3 1  wake 

tc  Von-Karman  constant. 

X  universal  constant  in  mixing  length 

calculat ion . 

U  viscosity. 

^eff  effective  viscosity. 

p  density. 

stress  tensor. 

o  .  effective  Prandtl  number  for 
variable  <J> . 

t  shear  stress. 

<t  a  general  fluid  variable, 

ijt  st'ream  function. 

i.  INTRODUCTION 

For  many  classes  of  marine  vessel  the 
propeller  operates  in  a  thick  boundary 
layer  at  the  aft  end  of  the  hull  and  i '•'ereby 
achieves  an  improved  propulsive  performance. 
The  variation  in  velocity  over  the  propeller 
disc,  due  to  the  wake  from  the  hull  and 
appendages,  can  however,  give  rise  to  the 
generation  of  unsteady  forces  on  the  pro¬ 
peller  and  unsteady  pressures  on  the  hull. 
Both  of  these  phenomena  can  lead  to  ex¬ 
cessive  vibration  of  the  ship's  structure 
and  equipment.  In  order  to  design  the 
propeller  and  to  estimate  the  unsteady 
forces  and  pressures  generated  by  the  pro¬ 
peller,  it  is  tnus  essential  to  have  a 
detailed  knowledge  of  the  full-scale  flow 
conditions  at  the  propeller.  This  is  nor¬ 
mally  estimated  from  measurements  made  on  a 
model  and  modified  to  take  account,  of  the 
difference  in  Reynolds  number,  and  hence 
boundary  layer  characteristics,  between 
the  model  and  full-scale.  Since  the  model 
data  is  often  obtained  from  unpowered 
tests,  further  allowance  has  to  be  made  for 
the  flow  acceleration  induced  by  the 
propeller. 

Ar.  approximate  method  for  determining 
the  above  corrections  io  model  flow 
measurements,  based  on  the  boundary  layer 
prediction  method  of  Myring  {1}  was  pre¬ 
sented  by  Moore  and  Wills  {2}  at  the  12th 
Symposium  on  Naval  Hydrodynamics.  The 
procedure  adopted  was  to  replace  the 
appended  hull  by  an  equivalent  body  of 


revolution  and  then  to  carry  out  powered 
and  unpowered  boundary  layer  predictions  to 
determine  mean  circumferential  velocities 
for  model  and  full-scale  Reynolds  numbers. 
These  results  were  then  used  to  derive  the 
corrections  for  changes  in  Reynolds  number 
and  propeller  induction  and  these  applied 
to  the  model  data.  Agreement  with  model 
and  full-scale  data  was  limited  and  further 
experimental  data  is  being  obtained  to 
refine  the  method. 

While  the  above  approach  has  been 
found  to  give  results  of  reasonable 
engineering  accuracy  it  cannot  be  regarded 
as  entirely  satisfactory.  Thus,  studies 
have  been  initiated  to  investigate  the 
potential  of  the  method  described  in  {3,4, 
5,6)  for  the  calculation  of  the  boundary 
layer  on  an  unsymmetne  appended  body. 

This  work  has  been  carried  out  by  CHAM 
Limited,  under  a  contract  from  AMTE  and  is 
the  subject  of  this  paper.  The  ability  to 
estimate  accurately  the  appended  boundary 
layer  over  a  ship's  hull  would  also  enable 
theoretical  predic  ion  of  many  of  the  para¬ 
meters  currently  obtained  by  means  of 
expensive  and  time  consuming  model  testing. 
Although  it  is  likely  that  the  requirement 
for  model  experiments  will  always  remain, 
many  of  the  investigations  conducted  to 
optimise  hull  and  appendage  design  could 
be  carried  out  theoretically,  and  the  model 
testing  restricted  to  the  final  configu¬ 
ration  . 

In  pursuing  the  above  objective  it 
was  decided  to  consider  initially  a  fully 
submerged  body  and  to  break  the  work  down 
into  distinct  stages,  so  that  different 
aspects  of  the  mathematical  modelling 
could  be  introduced  separately  viz, 

1.  Prediction  of  the  two-dimensional 
turbulent  flow  over  and  behind  an 
isolated  hydrofoil. 

2.  Prediction  of  the  t bree-dimpnsional 
turbulent  flow  behind  a  hydrofoil 
mounted  normal  to  a  plane  surface  and 
protruding  through  the  boundary  layer 
on  the  plane  surface. 

3.  Prediction  of  the  flow  field  around 
an  axisymmetric  body. 

4.  Amplification  of  the  mathematical 
model  to  permit  departures  from  axial 
symmetry  of  the  hull. 

5.  Amplification  of  4 .  to  include 
appendages. 

6.  Inclusion  of  a  propeller  at  the  stern 
of  an  axisymmetric  body. 

In  the  following  sections  of  the  paper, 
the  mathematical  model  developed  during 
Stages  1  to  4  will  be  described  and  some 
of  the  results  obta:ned  for  Stages  1  to  3 
presented  and  compaitd  with  experimental 
data. 
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2.  CONSTRUCTION  OF  THE  COMPUTATIONAL 
MODELS 


2. 1  Two-Dimensional  Turbulent  Flow 

Over  and  Behind  an  Isolated 

Hydrofoil 

2.1.1  Theoretical  formulation.  The 
basic  geometrical  model  for  which  two- 
dimensional  calculations  were  made  was  a 
standard  NACA  0017  section  hydrofoil. 

The  flow  over  and  behind  this  section  was 
computed  by  using  the  partially-parabolic 
method  of  Pratap  and  Spaldinr  {5},  full 
account  being  taken  of  the  so.  'tion  domain 
curvature  and  variation  of  domain  area. 

Two  basic  assumptions  are  made  m  the 
partially-parabolic  method;  firstly  it  is 
presumed  that  recirculation  is  absent  from 
the  main  flow  direction,  and  secondly, 
that  the  diffusion  fluxes  and  stresses  may 
be  neglected  in  this  direction.  In  con¬ 
trast  to  conventional  boundary  layer 
methods,  however,  full  account  is  taken  of 
the  lateral  pressure  variations  which  may 
occur  in  the  flows  under  consideration, 
due  to  high  flow  curvature,  and  which  can 
significantly  influence  the  upstream  flow 
conditions.  It  is  this  feature  which,  in 
the  situations  considered  herein,  renders 
the  flow  partially-parabolic.  The  signi¬ 
ficance  of  the  partially-parabolic  analysis 
is  that,  compared  with  fully-elliptic 
flows,  the  computation  can  proceed  with 
greatly  reduced  computer  storage  because 
only  the  pressure  field,  which  is  treated 
as  fully-elliptic,  needs  to  be  stored 
two-dimensional ly . 

The  coordinate  system  employed  in  the 
calculations  comprised  one  set  of  coor¬ 
dinate  lines  which  were  perpendiculars  to 
the  chord  of  the  hydrofoil,  the  latter 
being  conveniently  chosen  as  the  x-axis, 
so  that  the  coordinate  lines  become  x- 
constant  lines.  The  second  set  were  the 
streamlines  of  the  flow  itself  i.e.  ij)= 
constant  lines  (Figure  1). 

The  following  variables  were  calcu¬ 
lated  at  each  point  P  of  the  solution 
domain: 

•  u,  the  streamwise  "elocity; 

•  v,  the  lateral  vei.  ty; 

•  p,  the  static  press  •  e  of  the 

fluid; 

•  v,  the  lateral  coordinate  of 


Fig  1  Coordinate  System  and  Grid 
Convention 


The  flow  around  the  foil  is  governed 
by  the  following  equations: 

Continuity 


(pucos«)[  *  ^  ( pusina ) |  =  0  , 


3y 


where,  sina  5  ^ 


v-momentum 


3v j  _  3£ 

3  v 


BS  I 


u- moment urn 


pu 


5u  _  1  5x 


dS 


Bsjy  pu  3v I 


(1) 

(2) 


(3) 


(4) 


where  s  denotes  distance  along  a  stream¬ 
line,  and  a  is  the  angle  made  by  the 
streamline  at  P  with  the  x-axis. 
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The  derivation  of  these  equations  from 
the  basic  equations  of  inviscid  dynamics 
for  steady-plane  flow  is  immediate  upon 
observing  that  they  are  simply  alternative 
forms  of  the  Eulerian  equations  with  a 
different  choice  of  dependent  variables  and 
the  addition  of  the  viscous  term.  For  tur¬ 
bulent  flow  t  must  be  regarded  as  encom¬ 
passing  both  the  action  of  viscosity  and 
the  effect  of  turbulent  exchange,  i.e.  the 
Reynolds  stress. 

To  calculate  y  in  the  (T,x)  system,  the 
following  relation  is  used: 


3y!  _  1 

oucosa 


(5) 


The  introduction  of  't  as  an  indepen¬ 
dent  variable  with  the  coordinate  function 
>'('?, x)  of  the  streamlines  as  a  dependent 
variable  leads  to  certain  interesting 
relations.  The  introduction  of  *«  satisfies 
the  equation  of  continuity,  identically. 
However,  in  the  Y-x  system  there  must  exist 
some  relation  which  expresses  the  kinematic 
compatibility  of  the  above  transformation 
and  which  is  necessary  for  the  complete 
solution  of  the  differential  equations. 

From  the  definition  of  a. 


Sy(T.x); 
3x  | 


-  tana 


(6) 


Equations  (5)  and  (6)  are  compatible 
if  and  only  if , 

32V  =  3 2 v 
3Y3x  3x3Y  ’ 


which  leads  to  the  following  .cinematic  com¬ 
patibility  equation,  which  plays  the  role 
of  the  equation  of  continui<y; 


3_ 

3Y 


( tana) 


_  3_  _ .  ; 

3x  '  pucosa '  j 


(3; 


Eliminating  y  entirely  fro„-  the  system 
and  using  ds  cosardx,  it  is  concluded  that 
the  dependent  variables  u,  v  a  and  p 
satisfy  the  following  system  of  equations. 

u-momentum 


3u  3p , 

pu  3xj,,  cosa  =  “  3^jf 


!  3- 

cosa  + 


3Y 


cosa  .  ( 9 ) 


v-momentum 


3vS  _  3p I 

»*lv  “  "  »*|. 


pucosa 


(10) 


Kinematic  compatibility 


|_  ( — 1 - )j  =  |_  (tana) 

3x  x  pucosa  1 y  3Y  ' 


(11) 


In  the  turbulent  flows  under  consi 
deration,  it  is  assumed  that  the  shear 
stress  obeys  a  law  similar  to  that  in 
laminar  flows,  with  an  enhanced  coeffi¬ 
cient.  Thus, 

9  u 

T  =  -tt: 


eff  3y 


(12) 


where  the  effective  viscosity  (ugff)  is 

assumed  to  be  governed  by  Prandtl’s  mixing 
length  model. 

For  the  calculation  of  the  mixing 
length,  the  solution  domain  was  divided 
into  three  regions,  the  first  upstream  of 
the  foil,  the  second  over  the  foil  and  the 
third  in  the  wake  region.  The  effective 
viscosity  is  related  to  the  mixing  length 


(Lm)  by: 


eff 


-i  2  |£5i 
'“m  ;3y 


(13) 


The  mixing  length  is  calculated  in 
these  three  regions  in  terms  of  the  follo¬ 
wing  quantities. 

X  -  a  ’universal  constant’  =  0.12; 
c  -  Von  Karman  constant  =  0.4; 

Oj  =  0.0175  x  chord: 

02  s  distance  between  the  boundary  stream¬ 
line  4>j  corresponding  to  the  blade 

surface,  and  t>2  which  has  the  pro¬ 
perty; 


( 


)  =  0.005. 


(14) 


' . e .  the  mass  flow  is  1%  of  the  total 

flow  through  the  solution  domain. 


-  —  .  V. 
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(15) 

(10) 


*'ivake  =  °-105’  ir~> 
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I 

u 1 


X  1 


.1x1. 


(for  x>xT) 


(17) 


and  u*  -is  the  wake  ' centre-line s  velocity 
at  x . w 


Then  in  the  region  ahead  of 

the  foil. 

• 

L 

m 

III 

<1* 

(18) 

M 

In 

the  region  over  the  foil. 

41 

m 

Lm 

=  ®  •  vn  >  ®  l  ’ 

(19) 

1 

S  <yn  yn  <  ®3  - 

(20) 

f| 

=  <e3u+xe1  (l-ui.egiy^ej  , 

(21) 
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where 

0.  -y 
,  1  ’n, 

U  =  (  A  n  )  • 

ei_03 


In  the  wake, 

Lm  5  4aL  (X^T^  ^lake* 
Lm  5  2 wake  y'  +  A01  (1~0,) 


0  '  J  <  V  <  Vn 
wake  —  • n  —  • E 


where 

u,  =  /  VE  ~  yn 

M  ’  (v  _elxl  } 

*E  \vake 


(22) 


(23) 


(24) 


(25) 


md  0^,'a^e  are  given  by  Schlichting 
All  the  other  formulae  used  above 


and  y  is  the  perpendicular  distance  from 
point  P  at  which  Lm  is  being  calculated  to 

the  I-boundary.  The  relationships  for 

.1*1  «Sx| 

wake 
(7). 

are  adapted  from  Launder  and  Spalding  {4} 
for  the  present  problem. 

The  boundary  conditions  and  fluid  pro¬ 
perties  for  the  calculations  were  defined 
as  given  below. 

Inlet  conditions:  Inlet  stagnation 
pressure,  streamwise  velocity,  and  flow 
angle  were  specified  at  one  chord  distance 

2 

ahead  of  the  foil,  i.e.  u.(u  /2+P/p)  and 
<*(30). 

Outlet  conditions:  A  uniform  pressure 
distribution  was  specified  at  three  chord 

3p 
3y 


=  0. 


lengths  aft  of  the  foil,  i.e. 

""  ‘outlet 

The  pressure  level  at  the  outlet  was  not 
specified,  but  was  an  outcome  of  the 
computation. 

Hydrofoil  surface:  The  surface  incli¬ 
nations  with  respect  to  x  were  specified. 
The  foil  surface  was  assumed  impermeable 
and  no-slip  conditions  were  applied,  e.g. 
u  =  v  =0.  The  effects  of  wall  turbulence 
are  taken  into  account  by  wall  functions  to 
be  discussed  later. 

Free  surfaces:  The  boundaries  marked 

S-,  in  Figure  1  were  assumed  to  be  symmetry 
r 


planes  and  therefore  v=0  (i.e.aHO)  and 

■—i  =  0.  The  distance  of  this  boundary  from 

3y 

the  foil  was  selected,  after  preliminary 
computations,  so  that  the  zero  gradient 
condition  was  a  realistic  one,  i.e.  at  2.5 
times  chord. 

Fluid  properties:  The  fluid  was  assu¬ 
med  incompressible  and  the  laminar 
viscosity  and  density  taken  to  be  values 
appropriate  to  fresh  water  at  a  constant 
temperature. 


2.1.2  Solution  Procedure.  In  the 
finite-difference  formulation  of  the 
problem,  a  "staggered-grid"  practice  was 


adopted,  whereby  the  velocity  components 
and  pressure  were  stored  in  the  "staggered" 
positions  on  the  finite-difference  grid, 
shown  in  Figure  1.  Upwind  differences  of 
momentum  fluxes  were  used  in  the  momentum 
equations,  and  diffusion  through  the  verti¬ 
cal  faces  of  the  control  volume  was 
neglected. 

The  space-marching,  partially-parabolic 
algorithm  of  Pratap  and  Spalding  {5}  was 
used  to  solve  the  above  finite-difference 
equations  with  the  specified  boundary 
conditions.  In  this  scheme,  the  finite- 
difference  equations  are  solved  at  one 
axial  station  at  a  time,  starting  with  the 
inlet.  The  solution  'marches'  downstream 
from  inlet  to  outlet.  The  marches  are 
repeated  until  convergence  is  obtained. 


2.2  Three-Dimensional  Turbulent  Flow  Over 
and  Behind  a  Hydrofoil 


2.2.1  Theoretical  formulation.  The 
basic  geometrical  model  for  which  three- 
dimensional  calculations  were  made  was  again 
a  standard  NACA  0017  section.  The  inability 
of  the  procedure  described  in  Section  2.1 
above,  to  be  extended  to  three  dimensions, 
lead  to  the  development  of  a  general  three- 
dimensional  model.  This  model  has  been 
included  in  a  computer  program  which  can  be 
used  directly  in  either  two-  or  three- 
dimensional,  and  in  either  parabolic  or 
partially-parabolic  modes. 

Since  the  cross-section  of  the  hydro¬ 
foil,  and  of  a  ship's  hull,  varies  with 
axial  position,  a  cartesian  or  cylindrical 
coordinate  system  for  the  governing 
equations  is  not  suitable.  It  is  more 
convenient  to  construct  a  curvilinear 
system  which  has  one  axis  normal  to  the 
axis  of  the  body,  and  the  other  two  axes 
orthogonal  to  the  first,  but  not  necessa¬ 
rily  to  each  other.  This  system  can  be 
applied  to  ship  forms  where  the  frames  are 
not  generally  orthogonal  to  the  streamlines. 

The  elements  of  the  system  (n,5,C)  are 
defined  in  terms  of  orthogonal,  cylindrical 
polar  coordinates  (r,9,z),  and  in  accor¬ 
dance  with  Figure  2. 

Thus: 


r-r. 


rN”rS 


5-C'ff  .  p 
eE“eW 


z  , 


(26) 


where  r_  is  the  hull  radius,  r,.  is  the 

o  h 

radius  of  the  outer  boundary,  and  (r^-rg), 
(0E-ew)  are  the  radial  and  angular  width 

of  the  domain  of  interest,  respectively. 

The  above  definitions  make  possible 
the  use  of  coordinates  that  vary  between 
0  and  1  only.  In  this  respect  the  ?-n 
grid  at  each  station  has  as  boundaries 
those  of  the  flow  domain,  thus  avoiding 
waste-  of  computer  storage. 

The  dependent  variables  for  the 
problems  considered  are:- 

•  w,v,u  :  the  axial,  radial  and 

circumferential  velocity  com- 
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reference 
PUNE  0 


/*%'/ _ 


:s  x/4. 


In  turbulent  flows  it  is  assumed  that 
the  shear  stress  and  other  fluxes  obey  laws 
similar  to  those  in  laminar  flows,  with 
enhanced  coefficients,  thus  the  following 
exchange  laws  are  formed: 

3U.  3U. 

ci.i  =  '  “eff  (aF7  +  ■  (30) 


(-  —  ) 

ueff,0 


where  A  is  the  effective  Prandtl  number 

for  variable  4. 

If  the  flow  is  laminar  the  effective 
viscosity,  y  becomes  the  laminar  vis¬ 
cosity,  uf.  For  turbulent  flows  -ef-r  is 

calculated  in  accordance  with  the  k-e  model 
of  turbulence  (Launder  &  Spalding,  {4})  as: 


■  FLOW  DOMAIN 


+  ij  = 

t 


fZ  +  CB  k  /' 


Fig.  2  Coordinate  System  for  a  Ship  Hull 

ponents,  in  a  polar-cylindrical 
coordinate  system  (z,r,£); 

•  p  :  the  static  pressure; 

•  k,  c  :  the  turbulence  kinetic  energy  and 

its  dissipation  rate,  respective¬ 
ly. 

The  partial  differential  equations, 
which  govern  steady,  three-dimensional 
motion  of  fluids  can  be  expressed  in  tensor 
notation  as  follows: 


where  CD  is  a  proportionality  constant,  and 

k  and  e  are  determined  by  solving  separate- 
partial  differential  equations  for  their 
transport . 

The  governing  equations  relative  to 
the  above  coordinate  system  are  given  by 
Abdelmeguid,  Markatos  and  Spalding  {<:'  and 
hence  are  not  repeated  herein.  The  turbu¬ 
lence  model  contains  five  empirical  c'-.i- 
stants  {4}  which  for  the  problem  described 
here  are  assigned  the  values  given  in 
Table  1. 


Continuity 


w:  =  °- 


?  f  f .  k  !  ~  e  f  f  .  e 


1.44  1.92  0.09  1.0  1.23 


Transport  of  fluid  property 


.able  1  Constants  of  the  Turbulence  Model 


(pU.p)  *  S'  -  (28) 

where  bj  is  the  velocity  component  in 
direction  ,  c  may  represent  a  velocity- 

component ,  kinetic  energy  of  turbulence  or 

its  dissipation  rate,  S1^  is  the  source/sink 
term  for  variable  i,  and  .  is  the  flux 

of  along  the  i-th  direction.  For  the 
transport  of  the  velocity  component  U ^ ,  for 

example,  equation  (28)  takes  the  form  cf  the 
j-momentum  equation: 


~ —  (oU.U.)  =  F. 
3Xj  i  J  J 


_  _ 

3X  . 

J 


Fj  being  a  body  force  acting  on  the  fluid, 

and  o..  the  stress  tensor, 
ij 


The  length  scale  or  turbulence,  in 
this  model  is  given  by: 

Z  =  CDk3/2/E  .  (33) 

This  turbulence  model  is  valid  only 
for  fully-turbulent  flows.  Close  to  solid 
walls  there  are  regions  where  the  local 
turbulent  Reynolds  number  (pk*t/u)  is  small, 
and  the  viscous  effects  predominate  over, 
or  are  of  equal  importance  with  turbulent 
effects.  The  rigorous  incorporation  of  the 
effects  of  the  vicinity  of  a  wall  to  turbu¬ 
lence  proves  expensive  in  computer  time. 

Thus  "wall  functions"  {3}  were  employed  as 
outlined  in  (6}such  that  the  numerical 
solution  was  forced  to  behave  in  a  pres¬ 
cribed  manner  in  the  immediate  vicinity  of 
the  wall 

Although  the  above  theoretical  model 
is  presented  in  its  partially-parabolic 
mode,  the  predictions  made  during  this 
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investigation  were  obtained  by  using  the 
method  in  its  fully  parabolic  mode,  but 
with  an  important  novelty  which  is  descri¬ 
bed  below.  The  reasons  behind  this  are 
economy  of  calculation  and  the  desire  to 
utilise  the  results  already  obtained  for 
the  two-dimensional  case. 

For  fully  parabolic  procedures,  the 
pressure  in  the  z-momentum  equation  is 
different  from  the  pressure  in  the  two 
other  momentum  equations.  This  is  a  deli¬ 
berate  inconsistency  introduced  into  the 
treatment  of  pressure  and  its  purpose  is  to 
decouple  the  pressure  gradients.  By  this 
means,  marching  integration  can  be  employed 
and  two-dimensional  computer  storage  used 
for  all  variables  {3}.  Often_the  pressure 
in  the  z-momentum  equation,  (p) ,  is  taken 
as  the  space  averaged  pressure  over  a  cross 
section,  and  the  gradient  3p/3c  is  assumed 
to  be  known  (or  calculated)  before  calcu¬ 
lation  of  the  lateral  gradients  3p/3n, 
and  3p/34.  This  practice  is  implicit  in 
two-dimensional  boundary  layer  theories 
also. 

In  the  case  considered  here,  the  pre¬ 
sence  of  the  hydrofoil  in  the  flow  field 
will  cause  r,on-parabolic  effects.  These 
are  taken  into  account  by  employing  the  two- 
dimer.sional  pressure  field  calculated  by 
the  partial ly-parabolic  procedure  of  Section 
2.1  in  calculating  the  axial  pressure  gra¬ 
dient  (and  only  the  axial  pressure  gradient) 
for  each  marching  station.  This  decouples 
the  pressure  in  the  momentum  equations  and 
renders  the  latter  parabolic. 

The  boundary  conditions  for  this  stage 
of  the  investigations  were  selected  to  rep¬ 
resent  the  hydrofoil  mounted  normal  to  the 
floor  of  the  Circulating  Water  Channel  as 
described  in  Section  3. 

Inlet  conditions:  At  the  inlet  to  the 
solution  domain  (a  distance  of  0.8  chord 
from  the  airfoil  leading  edge)  plug  pro¬ 
files  were  assigned  to  all  variables,  ex¬ 
cept  the  longitudinal  velocity  w,  for  which 
experimental  profiles  in  the  absence  of  the 
foil  were  used.  The  u  and  v  components 
were  set  to  zero. 

Two  values  for  the  mean  level  of  inlet 
turbulence  were  used,  namely,  5  and  lOT-  of 
the  mean  inlet  velocity.  The  dissipation 
rate  of  turbulence  at  inlet  was  specified 
according  to  a  prescribed  length  scale 
distribution,  and  was  given  by: 


f  =  1/(0. 07H)  ,  (35) 

and  H  was  the  total  width  of  the  domain. 

The  nature  of  the  boundary  layer  for¬ 
med  around  the  foil  and  along  the  floor  at 
the  flow  channel,  implied  that  the  flow  was 
expected  to  be  3-D  in  the  vicinity  of  the 
corner  formed  between  the  foil  and  the 
floor.  Far  from  the  fin  or  the  floor,  the 
flow  was  expected  to  become  two-dimensional. 


Thus,  the  region  of  interest  was  that  close 
to  the  corner  (Figure  3). 
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Fig  3  Three-Dimensional  Flow  Domain 

The  boundaries  of  this  domain  are  the 
free  boundaries  (North  and  East),  the  solid 
boundaries  (West,  along  the  aerofoil  and 
South),  and  the  axis  of  symmetry  (West, 
before  the  leading  edge  and  after  the 
trailing  edge  of  the  foil).  The  conditions 
at  these  boundaries  are  „  given  below: 

South  boundary:  u=v=w=0.  The  values 
of  k,  e  were  obtained  from  the  "wall 
functions". 

West  boundary:  For  the  foil  solid 
boundary,  the  no-slip  conditions  and  "wall 
functions"  were  employed.  For  the  symmetry 
plan?  zero-gradient  conditions  were 
assigned. 

North  boundary:  Far  from  the  floor, 
the  flow  is  2-D ,  therefore  the  results  from 
Section  2.1  were  used  as  boundary  condi¬ 
tions,  e.g. 


w  "  W2D  * 

U_U2D ’  P=P2D 

(36) 

and  s = 

(37) 

Because  of  entrainment  at  this  boun¬ 
dary,  the  v-velocity  was  calculated  by- 
satisfying  the  local  continuity  at  each 
calculation  station.  This  velocity  was 
used  only  in  the  continuity  equation, 
whilst  the  momentum  equations  assumed  zero 
North  boundary  v-velocity. 

East  boundary:  Far  from  the  aerofoil 
the  flow  becomes  2-D,  so  that  normal 
gradients  of  the  variables  were  taken  as 
zero  across  the  boundary  except  for 
pressure  which  was  assigned  its  known  value 
at  the  North  East  corner  of  the  domain. 

It  should  be  noted  that  both  the  North 
and  East  boundaries  are  physically  the 
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same,  i.e.  free,  yet  they  are  treated 
differently.  At  the  North  boundary  inflow 
and  outflow  is  allowed,  whereas  the  East 
boundary  is  considered  as  a  symmetry  plane. 
Thus,  the  latter  is  consistent  with  the 
boundary  conditions  used  in  the  two-dimen¬ 
sional  calculations. 

As  already  discussed  the  pressure 
gradient  calculated  for  the  two-dimensional 
case  was  used  as  the  pressure  gradient  in 
the  downstream  (z)  direction.  In  the 
direction  normal  to  the  floor  (y)  the 
pressure  was  assumed  to  be  uniform  and 
equal  to  the  pressure  at  the  North  boundary. 


condition.  Close  to  the  surface  a  modified 
wall  function  accounting  for  axial  pressure 
gradient  was  employed.  This  function  is 
given  by: 


qP  _  1 
(t/p)*  * 


in 


(38) 


where  qp  and  vp  are  the  total  velocity  at 

the  near-wall  point  P  and  its  distance  from 
the  wall,  and  F  is  the  modification  factor 
given  by: 


2.2.2  Solution  procedure.  The  grid 
layout  used  was  a  "staggered”  grid  system 
as  before. 

Integration  of  the  partial  differen¬ 
tial  equation  governing  the  transport  of 
each  variable  yields  an  algebraic  equation 
for  each  grid  location,  representing  the 
discretized  form  of  the  balance  of  the  vari¬ 
able,  over  the  control  volume  corresponding 
to  that  location.  A  special  treatment  is 
applied  to  the  momentum  equations,  deve¬ 
loped  in  { 3 i .  This  yields  a  Poisson 
equation  for  the  "pressure  correction" 
which  is  used  to  update  the  velocity  and 
pressure  fields.  Upwind  differencing  is 
used  and  the  difference  equations  are 
solved  in  turn  for  each  variable  by  the 
application  of  the  tri-diagonal  matrix 
algorithm. 

More  details  on  the  solution  method 
may  be  found  in  the  above  reference.  The 
innovation  to  the  method  introduced  here 
is  that  iteration  is  provided  at  each  axial 
station  of  the  marching  integration,  in 
order  to  improve  the  convergence  and  the 
accuracy  of  the  results. 

2.3  Prediction  of  the  Turbulent  Flow 

Field  Around  An  Axisymmetric  Body 

2.3.1  Theoretical  formulation.  The 
basic  geometrical  model  for  which  two- 
dimensional  calculations  were  obtained 
during  this  stage  of  the  work  was  the  body 
considered  by  Patel  et  al  {8*.  The  flow 
over  and  behind  this  was  computed  using  the 
partially-parabolic  procedure  described  in 
Section  2.2  in  its  two-dimensional  mode. 

The  coordinate  system  and  the  gover¬ 
ning  differential  equations  are  the  stme  as 
described  in  Section  2.2  but  omitting  the 
third  dimension,  C.  The  dependent  vari¬ 
ables  considered  are  also  the  same  except 
for  the  disappearance  of  the  u-velocity 
component.  It  should  be  noted  that  for  the 
predictions  obtained  during  this  stage,  no 
parabolic  assumption  is  made  concerning 
pressure.  The  two-dimensional  pressure 
distribution  is  the  outcome  of  the  compu¬ 
tational  procedure  which  now  operates  in 
its  partially-parabolic  mode. 

The  boundary  conditions  for  these 
calculations  were  as  given  below: 


F  =  (1+1 


_E  d£); 

t  dz^ 


(39) 


The  point  P  must  be  located  In  the 
fully  turbulent  region,  i.e. 


+ 

y 


11.5 


(AO) 


The  turbulence  kinetic  energy  at  the 
near  wall  point  was  fixed  at  a  value  pro- 
po  -tional  to  t/g  ,  and  the  dissipation  rate 
of  turbulence  at  that  point  calculated  from 
a  linear  length  scale  distribution. 

Symmetry-plane  conditions.  Downstream 
of  the  stern,  the  boundary  which  was  pre¬ 
viously  the  Patel  body  becomes  a  symmetry- 
plane. 

Free-boundary  conditions:  At  the  free- 
boundarv  of  the  calculation  domain,  the 
axial  velocity,  w,  and  the  static  pressure 
p  were  given  the  values  obtained  from  a 
potential  flow  solution  along  that  parti¬ 
cular  surface.  The  mass  flow  rate  across 
the  boundary  was  computed  from  local  con¬ 
tinuity  during  the  calculations. 

Inlet  conditions:  Calculations  were 
performed  starting  either  at  half  the-  body- 
length  from  the  nose  or  at  15%  of  the 
length  upstream  of  the  nose.  At  the  half¬ 
body  plane  the  radial  velocity  was  assumed 
to  be  zero  and  the  boundary  layer  para¬ 
meters  taken  from  predictions  bv  the  method 
of  Mvring  fl>.  The  velocity  profile  was 
scaled  linearly  from  the  edge  of  the 
boundary  layer  to  the  free  boundary.  The 
turbulence  kinetic  energy  k  was  taken  to  be 
uniform  and  equal  to  a  percentage  of  the 
free  stream  velocity  squared.  For  the 
dissipation  rate,  c.  the  Escudier  formula, 

{ 0 } ,  was  used  to  calculate  the  distribution 
of  length  scale  t. 

When  the  calculations  started  ahead  of 
the  body,  uniform  values  of  v=0  and 
w=12. 192ra/s  were  used  at  inlet.  Other  con¬ 
ditions  remained  .the  same  as  given  above. 

Exit  boundary  conditions:  Because  of 
the  partially-parabolic  nature  of  the  solu¬ 
tion  procedure  an  additional  boundary 
condition  was  needed  for  the  pressure,  at 
the  exit  boundary  of  the  calculation  domain 
(i.e.  1/3  of  body  length  downstream  of  the 
stern).  It  was  assumed  that  the  exit 
pressure  was  uniform,  at  the  value  given  by 
the  potential  flow  solution. 


Wall  conditions:  At  the  body  surface, 
the  velocities  were  zero  from  the  no-slip 


Initial  guess  for  pressure :  The 
pressures  prevailing  at  the  free-boundary 
were  taken  as  tne  initial  guess  to  the 
pressure  field. 

2.3,2  Solution  Procedure.  There  are 
two  basic  differences  between  the  so  u* ion 
procedure  used  and  that  described  in  Section 
2.2.3.  Firstly,  it  requires  several  sweeps 
of  marching  integration,  from  the  upstream 
to  the  downstream  end  of  the  calculation 
domain,  thus,  it  is  an  iterative  procedure. 
Secondly,  full  account  is  taken  of  the 
effects  of  pressure,  on  axial  velocity. 

This  allows  pressure  effects  to  be  trans¬ 
mitted  in  both  upstream  and  downstream 
directions. 

More  details  on  the  sequence  of  calcu¬ 
lation  steps  may  bo  found  in  {6}. 

3.  COMPARISON  BETWEEN  THEORETICAL 

PREDICTIONS  AND  EXPERIMENTAL  RESULTS 

In  the  computations  which  are  dis¬ 
cussed  below  finite-difference  grids  were 
used  which  ensured  that  the  results  were 
grid  independent.  For  the  two-dimensional 
flow  over  the  hydrofoil,  the  grid  possessed 
36  points  in  the  longitudinal  direction  and 
16  in  the  lateral  direction.  For  the 
three-dimensional  flow  a  grid  of  12  nodes 
in  each  of  the  lateral  directions  and  -50 
in  the  longitudinal  direction  was  adequate. 
For  the  half  Patel  body,  a  grid  of  20 
nod„'S  radially  and  30  nodes  axially  was 
used.  In  the  case  of  the  full  Pate)  body 
the  number  of  nodes  were  17  and  37  res¬ 
pectively.  The  grid  spacing  for  all  cases 
was  non-uni  form,  the  grid  lines  being  more 
closely  spaced  near  the  wall  and  in  the 
nose  and  tail  region  of  the  body.  These 
grids  were  determined  after  calculations 
had  been  carried  out  with  different  grid 
densities.  From  these  studies,  it  was  con¬ 
cluded  that  grids  finer  than  those  above 
led  only  to  marginal  changes  in  the  results 
but  to  considerably  increased  cost. 

Convergence  was  monitored  by  observing 
changes  from  sweep  to  sweep  for  flow  vari¬ 
ables  at  particular  locations,  at.d  by  com¬ 
puting  mass  continuity  errors.  Ir.  general, 
convergence  was  fast  and  monotonic.  After 
about  50  sweeps,  variables  were  changing 
by  less  than  1%  and  the  maximum  integral 
mass  imbalance  at  any  plane  was  less  than 
0.01%  of  the  inlet  mass  flow  rate. 

3. 1  Two  and  Three  Dimensional  Wake 

Behind  a  Hydrofoil 

Prior  to  conanencing  the  theoretical 
studies  described  in  this  paper,  an  experi¬ 
mental  investigation  had  been  carried  out  at 
AMTE(H)  into  the  wake  generated  behind  a 
hydrofoil  protruding  through  the  boundary- 
layer  developed  on  a  plane  surface.  These 
experiments  were  carried  out  in  the  Circu¬ 
lating  Water  Channel  (CWC)  at  Haslar  and 
consisted  of  velocity  surveys  at  a  position 
2/3  chord  ait  of  the  trailing  edge  of  a 


NACA  0017  seci ion  foil.  The  height  of  the 
foil  was  such  that  the  outer  sections  were 
well  clear  of  the  surface  boundary  layer 
and  the  flow  could  be  regarded  as  two- 
dimensional.  Measurements  were  taken  at 
Reynolds  numbers  of  2.0x10®  and  0.5x10®, 
based  on  the  foil  chord  of  450mm  and  in  the 
latter  case  an  adverse  pressure  gradient 
was  generated  by  inclining  the  plane  sur¬ 
face  2.5  degrees  to  the  flow  direction. 

The  non-dimensional  boundary  layer 
profiles,  on  the  plane  surface  at  the  posi¬ 
tion  of  the  fin  leading  edge  but  in  the 
absence  of  the  foil,  are  given  in  Figure  4. 
The  longitudinal  variation  of  static 
pressure  coefficient  with  the  inclined 
surface,  again  in  the  absence  of  the  foil 
is  shown  in  Figme  5.  This  pressure  vari¬ 
ation  has  been  non-dimensionalised  using 
the  velocity  outside  the  boundary  layer  at 
the  position  of  the  foil  leading  edge. 

The  procedure  described  in  Section  2.1 
has  been  used  to  predict  the  two-dimensional 
wake  behind  a  NACA  0017  section  foil  and  a 
flat  plate  in  uniform  flow.  The  variation 
of  the  wake  centre-line  velocity  with  down¬ 
stream  distance  is  given  in  Figure  6,  for 
the  NACA  0017  foil  and  in  Figure  7  for  the 
flat  plate.  Also  given  for  the  fo.s  1  are 
values  from  the  CWC  experiment,  and  from 
an  empirical  curve  based  on  the  correla¬ 
tions  of  Spence  {10}  and  Lieblein  and 
Roudebush  {11}.  For  the  flat  plate  the 
experimental  results  of  Chevray  and 
Kovasanay  {12}  have  been  included  an 
Figure  7. 
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Fig  5  Variation  of  Static  Pressure  in  the 
Circulating  Water  Channel 
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Fig  6  Variation  of  Wake  Centreline 
Velocity  Behind  a  Hydrofoil 


Fig  7  Variation  of  Wake  Centreline 
Velocity  Behind  a  Flat  Plate 

It  can  be  seen  from  Figure  6  that  the 
effect  of  varying  Reynolds  number  is  most 
significant  close  to  the  trailing  edge  of 
the  foil  and  that  reducing  the  Reynolds 
number  produces  a  slower  recovery  of  the 
wake  centreline  velocity.  This  is  the 
result  of  less  turbulence  in  the  wake  at 
lower  Reynolds  numbers  and  hence  less 
rapid  mixing  of  the  flow  in  the  near  wake 
region.  At  a  position  about  one  chord  aft 
of  the  foil  trailing  edge  however,  the 
effect  of  Reynolds  number  is  very  much 
reduced. 

The  empirical  curve  for  aerofoil 
sections  given  in  Figure  6  was  based  on 
data  from  tests  run  at  Reynolds  numbers 
from  0.5x10®  to  5x10®  and  conducted  on  foils 
of  varying  section  shape,  thickness  and 
incidence.  It  can  be  seen  from  this 
Figure  that  the  predictions  for  the  NACA 
0017  foil  at  high  Reynolds  number  are  in 
good  agreement  with  the  empirical  curve; 
however,  the  predicted  variation  with 
Reynolds  number  is  considerably  higher  thar. 
that  of  the  data  used  for  the  two  corre¬ 
lations.  In  particular,  the  lowest 
Reynolds  number  prediction  shows  a  much 
slower  wake  recovery  than  the  experimental 
data;  however,  this  Reynolds  number  is  well 
below  the  full-scale  value  for  major 
ship  appendages.  Comparison  between  the 
predicted  centre-line  velocity  at  a  position 
2/3  chord  aft  of  the  trailing  edge  and  the 
CWC  results  show  the  predictions  to  be  9% 
low.  Generalisation  from  these  results  is 
difficult;  however,  it  appears  that  the  pre¬ 
dictions  give  a  somewhat  slower  wake 
recovery  than  shown  in  the  experimental 
data. 

The  prediction  of  the  wake  behind  the 
thin  flat  plate  is  a  less  severe  test  of 
the  finite-difference  grid  employed  in  the 
theoretical  model  than  the  finite  thickness 
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foil  case.  This  is  reflected  in  the  very- 
good  agreement  between  the  experimental 
results  and  the  predictions  for  the  flat 
plate  given  in  Figure  7. 

Comparison  between  the  results  '  >r  the 
hydrofoil  and  the  flat  plate  suggest  tnat 
the  ess  satisfactory  predictions  in  the 
former  case  may  be  associated  with  the 
specification  of  the  finite-difference 
grid. 

The  above  results  were  found  to  be 
insensitive  to  the  variation  of  inlet  tur¬ 
bulence  produced  by  a  70%  increase  in  the 
inlet  mixing  length  and  to  the  change  in 
the  wake  mixing  length  law  resulting  from 
a  doubling  of  S2  (Section  2.2.1). 

The  three-dimensional  solution  des¬ 
cribed  in  Section  2.2  was  used  to  predict 
the  axial  velocity  profiles  behind  the  NACA 
0017  foil  under  the  conditions  of  the  tests 
in  the  Circulating  Water  Channel.  The 
results  of  these  predictions  are  given  in 
Fig-  res  S  to  11  together  with  the  exneri- 
merival  data. 

The  influence  of  Reynolds  number  on 
the  predictions  is  shown  in  Figure  8  from 
which  it  can  be  seen  that  near  the  channel 
floor  the  highest  Reynolds  number  leads  to 
the  highest  velocities.  This  is  consis¬ 
tent  with  the  thinning  of  the  boundary- 
layer  on  the  channel  floor  as  the  Reynolds 
number  increases.  Clearly  as  the  distance 
from  the  floor  increases  tais  effect 
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Fig  9  Velocity  Profiles  Behind  a  Hydro¬ 
foil  (Re=2xl0®,  Level  Floor) 


becomes  less  significant  so  that  by  about 
40mm  from  the  floor  the  results  are  vir¬ 
tually  independent  of  Reynolds  number. 

This  distance  compares  with  a  channel 
wall  boundary  layer  thickness  of  the  order 
of  100mm  (Figure  4). 

Direct  comparison  between  the  pre¬ 
dicted  and  measured  velocity  profiles 
(Figures  9,  10  and  11)  is  hindered  by  the 
non-symmetry  of  the  latter;  however,  the 
agreement  between  the  two  is  generally 
good.  For  all  three  cases,  two  Reynolds 
numbers  with  aero  pressure  gradient,  and 
one  adverse  pressure  gradient  condition, 
the  predictions  appear  to  be  most  accurate 
near  the  channel  floor.  This  is 
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par’icularly  encouraging  because  this  is 
the  region  where  there  are  significant 
three-dimensional  effects.  As  the  distance 
from  the  floor  increases  and  the  fl«w 
becomes  more  two-dimensional  the  wake  defect 
is  generally  over  predicted,  as  was  the  case 
for  the  purely  two-dimensional  predictions. 
This  is  especially  true  for  the  at  verse 
pressure  gradient  case,  however,  the  test 
flow  conditions  were  rather  un-nable  in 
this  situation  and  the  measured  data  is 
thus  not  as  reliable  as  that  for  the  zero 
pressure  gradient  condition.  The  pre¬ 
dicted  velocity  profiles  near  the  channel 
floor  clearly  demonstrate  the  change  in 
tlow  conditions  which  occur  in  the  presence 
of  the  adverse  pressure  gradient  caused  by 
the  inclination  of  the  channel  floor.  In 
the  latter  case  the  variation  in  velocity 
is  considerably  reduced. 

The  influence  of  inlet  turbulence  on 
the  above  solutions  was  investigated  using 

values  oi  — 11  of  O.Oo  and  0.1C  As  in  the 
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two  dimensional  case  this  variation  was 
found  to  have  little  significant  effect 
upon  the  predicted  velocities. 

The  results  discussed  above  were  con¬ 
sidered  to  have  demonstrated  that  the 
technique  employed  represented  a  sound 
framework  for  the  Prediction  of  the  three- 
dimensional  flow  behind  a  hydrofoil. 


PREDICTION 
-  EXPERIMENT 


Fig  10  Velocity  Profiles  Behind  a  Hydro¬ 
foil  <Rc=0.5x106,  Level  Floor) 
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Fig  II  Velocity  Profiles  Behind  a  Hydro¬ 
foil  (Be=0.5xl06.  Inclined  Floor) 

3.2  Flow  Over  the  Tai I  Region  of  an 
Ax i symmet  8 i c  Body 

The  correlation  between  the  predic¬ 
tions  and  measurements  described  in  Section 
3.1  were  regarded  as  sufficient  to  warrant 
extension  of  the  orediction  method  to  an 
axisyrasetric  body.  The  most  extensive  set 
of  experimental  data  available  for  this 
case  was  considered  to  he  that  of  Patel  et 
al  {8}  and  hence  predictions  have  been  made 
for  comparison  with  the  data  given  therein. 
The  method  of  solution  described  in  Section 

2.3  was  used  to  predict  the  flow  parameters 
over  the  tail  region  of  this  body.  The  frei 
boundary  conditions  w?re  determined  from 

a  potential  flow  solution  for  the  complete 
body.  The  inlet  boundary  conditions  were 
determined  either  at  the  body  mid-length 
from  predictions  of  the  boundary  layer 
parameters  given  by  the  method  of  Myring 
{1»  or  at  a  position  15*  of  the  body 
length  ahead  of  the  body  from  the  condi¬ 
tions  of  uniform  inflow. 


Initially  studies  were  carried  out 
using  the  half  body  inlet  conditions  to 
determine  the  sensitivity  of  the  solution 
to  the  position  of  the  free  boundary,  to 
tne  foies  of  the  finite-difference  grid  and 
to  the  inlet  turbulence  level,  and  the 
results  used  to  select  these  parameters. 
Predictions  were  then  carried  out  for  the 
stern  half  of  the  Patel  body  and  the 
results  are  compared  with  the  experimental 
data  in  Figures  12  to  17 
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Fig  12  Axial  Variation  of  Skin  Friction 
Coefficient 

The  predicted  axial  variation  of  the 
skin  friction  coefficient  is  given  in 
Figuie  12  for  two  inlet  turbulence  levels, 
since  this  was  the  only  parameter  found  to 
be  significantly  dependent  upon  inlet 
turbulence  level  within  the  range  of 


—  =0.04  to  ft. 15  It  can  be  sees  that 
w_ 

the  lower  level  of  turbulence  leads  to 
predicted  values  of  skin  friction  coeffi¬ 
cient  which  are  very  close  to  the  measured 
values. 

The  variation  of  turbulence  kinetic 
energy  (»'k/wt,  where  w,  Is  the  velocity  at 

the  edge  of  the  boundary  layer)  in  the 
direction  perpendicular  to  the  body  at  96% 
of  body  length  from  the  nose  is  given  in 
Figure  13  for  S*  and  15%  inlet  turbulence. 

It  is  apparent  that  the  predicted 
turbulence  level  at  this  axial  location  is 
independent  of  inlet  turbulence  specifi¬ 
cation.  Furthermore,  the  predictions  are 
in  fair  agreement  with  Patel's  measure¬ 
ments  IS)  over  the  boundary  layer  thickness 
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Fig  13  Variation  of  Turbulence  Kinetic 
Energy  at  96%  of  Body  Length 
Froo  Kose 

but  indicate  a  residual  of  2.1  turbulence  up 
to  the  outer  boundary.  This  is  a  conse¬ 
quence  of  the  inlet  plane  assumption  that 
the  flow  is  fully  turbulent  all  the  way 
from  the  body  to  tne  outer  boundary.  This 
evidently  is  not  a  reasonable  assumption 
since  the  outer  boundary  is  located  far 
ires  the  boundary  layer  edge,  and  the 
experiments  Indicate  that  the  turbulent 
region  is  confined  within  the  bound,  ry 
layer.  Therefore,  in  future  work  the  turbu¬ 
lence  quantities  should  tr«n»»»  differ¬ 
ently  inside  and  oui'ide  the  liver 

at  the  inlet  plane. 

The  axial  variation  of  the  boundary 
layer  thickness  is  given  in  Figure  14  troct 
which  it  is  clear  that  there  is  very  close 
agreement  .etween  the  predicted  and  e*’ 
mental  values. 

The  axial  variation  of  the  static 
pressure  coefficients  at  the  wall  and  at 
the  edge  of  the  boundary  layer  are  given  in 
Figure  15.  The  experimental  coefficients 
used  a  tunnel  wall  pressure  as  reference 
which  was  lower  than  the  free  stream  static 
pressure,  thus  the  total  head  coeificient 
outside  the  boundary  layer  was  approximately 
1.06  instead  of  the  ideal  value  of  1.0. 

The  predicted  pressure  coefficients  have 
therefore  been  increased  by  0.06  so  that 
they  are  consistent  with  the  experimental 
data.  A  similar  correction  was  made  by 
Dyne  (13)  asd  was  approved  by  Patel.  It  is 
evident  fron  Figure  15  that  the  static 
pressure  gradient  is  under-predicted  bet¬ 
ween  approximately  S0%  and  90%  of  the  body 
length  but  considerably  over  predicted  for 
the  last  10%  of  the  body  length. 
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Fig  15  Axial  Variation  of  Static 
Pressure  Coefficients 
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Fig  16  Total  Velocity  Profile  at  66.21 
of  Body  Length  From  Nose 

The  total  velocity  profiles  for  axial 
locations  66.21  and  991  of  the  body  length 
f rod  the  fore-end  are  given  in  Figures  16 
and  17.  Also  shown  for  the  most  forward 
location  is  the  velocity  predicted  by  the 
ilyring  duml.: *'•»«  uhich  was  used  to  deter¬ 
mine  the  inlet  boundary  .  ''>*»<  *  icr.c  at  the 
5os  bedj  length  position.  Fro*  ’hese 
ro«” ’ t c  ;t  car.  he  cc""  ’hat  the  ve loci' v 
profiles  a-e  over-predicted,  me  cfnr 
becoming  larger  with  distance  along  the  o..J 
so  that  at  991  of  body  length  errors  up 
approximately  551  occur.  At  the  forward 
position  the  maximum  error  can  be  seen  to 
be  only  about  61.  From  comparison  between 
this  pirdicticn  and  the  Myring  estimate  it 
is  consideird  that  this  error  is  probably 
due  to  a  similar  order  of  over-prediction 
present  in  the  data  ''sed  to  specify  tne 
inlet  conditions.  Thus,  to  some  degree  the 
over-prediction  of  the  total  velocity  is 
the  result  of  incorrect  inlet  conditions: 
however,  this  clearly  would  not  account 
for  the  large  errors  near  the  tail  of  the 
body. 

The  results  of  predictions  of  the  total 
velocity  profiles  at  501  and  961  of  the  body 
length  and  the  axial  variation  of  skin 
friction  coefficient  and  wall  pressure 
coefficient  for  the  full  Patel  body  are 
given  in  Figures  IS  to  21. 

It  is  apparent  from  Figures  18  and  19 
that  the  velocity  profiles  are  further 
over-predicted  compared  with  the  half 
body  calculation.  This  is  possibly  the 
result  of  the  mechanism  which  leads  to  the 
over-prediction  operating  over  a  larger 
range  in  the  full-body  case.  The  skin 
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friction  coefficient  (Figure  20)  can  be  seen 
to  be  higher  than  for  the  half  body  calcu¬ 
lations  at  all  stations  and  hence  further 
from  the  experimental  data.  The  wall  static 
pressure  (Figure  21)  shows  a  steeper  press¬ 
ure  gradient  at  the  stern  for  the  full-body 
case  although  this  difference  is  not  large. 
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Fig  21  Axial  Variation  of  Wall  Static 
Pressure  Coefficient 

It  was  concluded  by  Patel  et  al  {8} 
that  in  the  tail  region  of  a  body  of  revo¬ 
lution,  there  is  interaction  betv.een  the 
turbulent  rotational  flow  within  too  boun¬ 
dary  layer  and  the  potential  flow  outside, 
so  that  neither  can  be  calculated  indepen¬ 
dently  of  the  other.  Since  the  potential 
so.ution  for  the  body  alone  was  used  to 
specify  the  pressure  at  the  free  boundary 
in  the  above  calculations  this  may  be  a 
significant  factor  in  the  poor  prediction 
of  total  v  ’  city  and  pressure. 

The  a.  jg  results  ha\e  demonstrated 
the  capability  and  limitations  of  the  k-e 
prediction  technique  when  initially  applied 
to  an  axisymmetri c  body.  It  is  encouraging 
to  see  that  the  computed  results  irdicate 
the  correct  trends,  and  that  only  a  few 
minutes  are  required  to  produce  solutions 
for  different  input  parameters.  It  is 
disappointing,  however,  to  see  that  better 
agreement  could  not  be  secured  between  pre¬ 
dicted  and  experimental  data. 

The  space  here  is  too  limited,  and  the 
information  presented  too  little,  for  a 
rigorous  analysis  of  the  causes  of  disa¬ 
greement.  The  study  has  highlighted, 
however,  the  following  problem  areas. 
Firstly,  there  is  the  difficulty  of  formu¬ 
lating  the  finite-difference  equations, 
with  due  allowance  for  non-uniformities  of 
cell  shapes,  so  that  the  proper  relations 
between  pressures  and  velocities  are  pre¬ 
cisely  preserved.  This  was  apparent  in  the 
calculations  performed  which  sometimes  ex¬ 
hibited  stagnation-pressure  distributions 
which  were  inaccurate.  This  effect  is 
particularly  significant  at  the  planes  of 
the  nose  and  tail  of  the  body,  because  of 


the  turning  of  the  flow;  it  was  precisely 
at  these  planes  where  the  maximum  inaccu¬ 
racies  occurred. 

A  possible  way  to  eliminate  this 
source  of  inaccuracy  is  to  solve  for  a  velo¬ 
city  component  which  follows  the  grid-lines, 
instead  of  the  axial  velocity,  wnich  was 
used  in  the  previous  analysis.  The  advantage 
is  that  this  velocity  is  simply  oriven  by 
tne  pressure  gradient  term  oetween  its  up¬ 
stream  and  downstream  grid  points. 

The  most  serious  limitation  to  the 
potential  of  the  described  method,  is  the 
need  to  prescribe  boundary  co.ditions  at 
the  free-boundary.  This  is  done  at  present 
by  utilising  the  potential  flow  solution. 

This  itself  is  a  source  of  further  uncer¬ 
tainly,  and  leads  to  the  need  for  a 
different  potential  flow  solution  for  each 
new  location  of  the  outer  boundary  and 
each  new  body. 

Removal  of  this  limitation  is  the  sub¬ 
ject  of  current  work,  together  with  the  use 
of  a  velocity  component  which  follows  the 
grid  lines.  The  basic  concept  is  that  the 
solution  domain  is  extended  to  very  far 
from  the  body  in  all  directions,  and  an 
additional  equation  is  introduced,  namely, 
that  for  the  velocity  potential.  The 
latter  will  be  solved  over  the  whole  calcu¬ 
lation  domain,  the  rest  of  the  equations 
being  solved  only  over  the  narrow  viscous 
region  around  the  body.  The  boundary 
between  the  viscous  and  inviscid  regions 
will  be  determined  by  successive  appli¬ 
cations  of  the  potential  and  viscous 
solution  procedures. 

Current  work  also  includes  extension 
of  the  above  methods  to  consideration  of 
the  flow  around  appended  bodies. 

4 .  CONCLUSIONS 


Methods  have  been  derived  using  a  two- 
equation  turbulence  model  (k-c),  to  predict 
the  two-  and  three-dimensional  wake  behind 
a  hydrofoil  and  demonstrated  to  have  the 
potential  to  warrant  extension  to  consi¬ 
deration  of  flow  prediction  around  an 
appended  body. 

Comparison  between  predi  ted  values  of 
the  wake  centre-line  velocity  behind  an 
isolated  hydrofoil  section  and  experimental 
data  shows  that  the  prediction  method  gives 
a  somewhat  slower  wake  recovery  than  occurs 
in  practice.  This  discrepancy  is  largest 
at  low  Reynolds  numbers  and  close  to  the 
foil  trailing  edge.  For  a  NACA  0017  foil, 
at  a  Reynolds  number  of  2xl06,  the  predic¬ 
ted  wake  centre-line  velocity  at  a  position 
2/3  chord  aft  of  the  trailing  edge  was 
found  to  be  9%  below  the  experimental 
value . 

Comparison  between  predicted  values  of 
the  wake  centre-line  velocity  behind  an 
isolated  flat  plate  and  experimental  data 
shows  that  in  this  case  the  method  gives  a 
very  good  prediction  of  the  wake  recovery. 

Good  agreement  has  been  obtained 
between  predicted  and  measured  velocity 
profiles  at  a  position  2/3  chord  aft  of  the 
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trailing  edge  of  a  nydrofoil  protruding 
through  a  plane  boundary  layer.  The  pre¬ 
dictions  are  found  to  be  most  accurate 
close  to  the  plane  boundary  where  the 
three-dimensional  effects  are  most  signi¬ 
ficant.  The  effect  of  an  adverse  pressure 
gradient  on  the  flow  in  this  region  is  also 
well  predicted. 

Initial  application  of  the  k-e  pre¬ 
diction  technique  to  an  unappended  axi- 
symmetric  body  has  shown  promising  agree¬ 
ment  with  experimental  data.  The  pre¬ 
dicted  axial  variation  of  skin  friction  and 
boundary  layer  are  close  to  measured  values. 
The  static  pressure  gradient  and  total  velo¬ 
city  are,  however,  both  considerably  over¬ 
predicted  in  the  tail  region. 

The  use  of  a  potential  flow  solution 
to  prescribe  the  free  boundary  conditions 
and  the  definition  of  the  finite-difference 
equations  at  the  body  nose  and  tail  are 
major  factors  influencing  the  accuracy  cf 
flow  predictions  around  submerged  bodies. 
Further  work  is  in  progress  in  these  two 
areas  in  order  to  improve  the  accuracy  of 
the  prediction  technique. 
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Discussion 


tion. 


G.E.  Gadd  inmi) 


Pig.  XII. 34  of  Thwaites*  book  "Incom¬ 
pressible  Aerodynamics"  shows  that  a  cir¬ 
cular  cylinder  protruding  through  a  boundary 
layer  on  a  plate  produces  a  horseshoe  vortex 
trailing  downstream  with  counter  rotating 
vortices  outboard  of  it.  This  vortex  system 
causes  spanwise  variations  of  the  boundary 
layer  thickness  on  the  plate  rather  like 
those  shown  in  figs.  9  and  10,  so  presumably 
the  hydrofoil  must  give  rise  to  a  similar 
pattern  of  vortices.  Are  these  evident  in 
the  numerical  solution  ? 


M.  Hcekstra  (nsmb> 


The  present  users  of  the  partially- 
parabolic  method  are  on  the  right  track  now, 
I  think,  in  studying  carefully  the  perfor¬ 
mance  of  the  method  in  comparatively  simple 
external  flows.  I  like  to  encourage  the 
authors  to  continue  this  work. 

What  astonished  me  is  that  the  authors 
apply  their  method,  which  is  essentially 
inadequate  for  separating  flows,  to  the 
case  of  a  hydrofoil  on  a  flat  plate  which 
is  known  to  give  separation  at  the  root  of 
the  hydrofoil.  What  kind  of  results  were 
obtained  in  this  root  region  ?  Can  the 
authors  comment  ? 

According  to  eq.  40  the  authors  match 
their  solution  to  a  wall  law  at  y+  1  11.5. 
How  is  the  actual  boundary  value  of  y+  cho¬ 
sen  and  is  there  any  influence  of  the  choice 
on  the  results  ? 


L.  Larsson  (SSPA) 


The  methods  developed  by  Prof.  Spalding 
and  his  group  have  been  very  successful  for 
internal  flows.  However  in  external  appli¬ 
cations  several  new  problems  appear.  It 
therefore  seems  like  a  good  idea  to  apply 
the  methods  to  fairly  simple  cases  before 
turning  to  the  complicated  flow  around  a 
ship's  stern. 

My  first  question  concerns  the  2-D 
case:  Rather  than  matching  the  viscous  cal¬ 
culation  to  an  external  potential  flow  at 
the  edge  of  the  BL  an  artificial  boundary 
condition  has  been  introduced  2.5  chords 
from  the  foil.  Judging  from  Fig. 9  this 
disfance  corresponds  approximately  to  100 
times  tne  BL  thickness  at  the  trailing  edge. 
I  doubt  that  an  efficient  use  can  be  made 
of  a  viscous  flow  program  in  this  way.  How 
many  grid  points  were  there  in  the  BL  ? 

You  use  16  altogether  in  the  lateral  direc 


The  3-D  flow  configuration  consisting 
of  an  obstacle  protruding  from  a  flat  sur¬ 
face  has  been  used  frequently  as  a  test 
case  for  3-D  BL  methods.  The  interest  has 
however  mostly  been  directed  towards  the 
region  in  front  of,  or  beside  the  obstacle. 
In  this  paper  the  flow  behind  the  obstacle 
is  compared.  As  is  well  known  this  region 
is  highly  vortical,  containing  strong  lon¬ 
gitudinal  vortices.  Accurate  predictions 
could  therefore  hardly  be  expected  if  the 
pressure  is  not  allowed  to  vary  in  both 
lateral  directions. 


W.-D.  Xu  (Harbin  Shipbuilding  Eng  Inst ) 


For  calculation  of  turbulent  boundary 
layer,  the  empirical  formulas  used  may  be 
examined  first.  For  example,  in  order  to 
solve  the  energy-integral  equation,  we  may 
first  find  out  the  velocity  distribution 
and  thickness  of  different  regions  as  shown 
in  my  paper  titled  "Velocity  Distribution 
and  Energy  Equation  of  Flat  Plate  Turbulent 
Boundary  Layer" .  After  analysing  twenty- 
one  u+  %  y+  curves  converted  from  experi¬ 
mental  data  of  Klebanoff  s  Diehl,  I  obtained 
the  following  results  by  Method  of  Least 
Squares.  The  velocity  distribution  of  inner 
region  (I.R.)  is  well  known  as  the  logarith¬ 
mic  law:  u+  =  5.75  log  y+  +  B.  But  I  found 
that  B  is  no  longer  a  constant,  it  is  a 
function  of  Rg  :  B  =  2.086  log  Rg  -  3.225, 
i.e.  when  Rg  =  10“, 

u+  =  5.75  log  y+  +  5.12  (for  I.R.).  (1) 

For  more  easily  integrating  the  energy  equa¬ 
tion,  I  found  that  velocity  distribution  of 
outer  region  (O.R.)  can  also  be  expressed 
by  the  above  logarithmic  law  but  with  a  dif¬ 
ferent  slope  : 

u+  =  10.4  log  y+  -D.  The  term  D  is  also  a 
function  of  Rg  : 

D  =  1.973  log  Rg  +  0.879,  i.e.  when  Rg  =  101*, 

u+  =  10.4  log  y+  -  8.78  (for  O.R.)  (2) 

Of  course,  for  laminar  sublayer  (L.S.):  u+ 

=  y+.  From  the  intersecting  points  of  these 
three  expressions,  the  thickness  of  differ¬ 
ent  regions  can  be  determined 

y%  =  (/Re  +  341)/40  (for  L.S.)  (3) 

y+  =  0.837  log  Rg  -  0.372  (for  I.R.) (4) 

when  Rg  =  101*,  y+  =  11.03,  yj/6  =  0.257. 

Then  the  friction  -term  of  the  energy 
equation  can  be  calculated  for  each  region, 
finally  I  obtained  the  following  Rx  ^  Rg 
relation 


Rx  = 


63  Rg  H/8 


(log  Rg  +  0.211) 


0.94 


(5) 
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It  agrees  better  with  the  experiment  of 
Klebanoff  &  Diehl  than  other  formulas  often 
used  as  shown  in  the  Fig.* (one  of  them  is 
deduced  from  1/7  law) . 

*  Eq. (2-25)  is  deduced  from  the  1/7  law 
Rx  =  63.771  Rs5'4 
Eq.(2-27)  is  as  follows 
R*  =  143.11  Rg7/6 
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Author’s  Reply 


N.C.  Markatos  (Cham  Ltd ) 


Reply  to  Dr.  Gadd 

Vortices  are  not  evident  in  the  solu¬ 
tion,  because,  in  the  reported  calculations, 
the  pressure  field  was  derived  by  consider¬ 
ing  an  isolated  hydrofoil  (see  text)  ;  and 
that  two-dimensional  field  was  applied  uni¬ 
formly  all  the  way  down  to  the  plate.  The 
procedure,  used  is  not,  therefore,  a  full 
"partially  parabolic1  one.  The  latter 
would  have  failed  near  the  plate,  in  the 
presence  of  vortices. 

We  did  not  use  such  a  procedure  because 
.c  full  analysis  was  intended  at  this  stage. 
If  we  were  to  carry  out  a  complete  analysis 
we  would  have  used  the  elliptic  version  of 
the  code  (reported  in  the  slide  panels  of 
my  presentation) .  Therefore,  the  absence 
of  vortices  in  the  numerical  solution  is 
a  consequence  of  the  way  we  chose  to  treat 
the  problem.  It  is  interesting,  however. 


that  the  current  predictions  in  the  wake 
are  in  fair  agreement  with  the  experiments, 
indicating  that  the  effects  of  vortices 
may  be  localised  and  not  very  significant 
in  the  wake  of  the  hydrofoil  considered. 


Reply  to  Mr.  Hoekstra 

I  thank  Mr.  Hoekstra  for  his  encour¬ 
agement.  I  would  like  to  point  out  that 
our  method  is  adequate  for  separating  flows, 
and  the  code  includes  all  three  options, 
namely  parabolic,  "partially-paraboiic"  and 
elliptic.  Indeed,  it  was  the  last  version 
that  was  reported  in  the  slide  panels  of 
my  presentation.  Simply,  we  did  not  at¬ 
tempt  to  predict  the  separation  adequately, 
and  attention  was  not  focused  at  the  root 
region  of  the  hydrofoil,  but  only  in  the 
wake.  The  apparent  fair  agreement  of  the 
predictions  with  experiments  in  the  wake 
tends  to  indicate  that  effects  of  vortices 
may  not  be  very  significant  in  the  wake 
region  of  the  hydrofoil  considered. 

Concerning  the  second  question,  the 
first  grid  line  next  to  a  solid  surface  is 
set  at  such  a  distance  from  the  surface, 
y,  so  that  the  calculated  y+  at  the  first 
grid  line  is  in  the  range  30  <  y+  <  120, 
over  which  it  is  reasonable  to  assume  that 
the  log  law  prevails.  An  initial  guess 
and  subsequent  adjustment  may  be  necessary. 
Within  the  above  limits  the  results  were 
virtually  uninfluenced  by  the  precise  value 
of  y+.  A  few  runs  with  varying  distances 
of  the  first  grid  line  from" the  wall  are 
therefore  in  general  sufficient  to  ensure 
results  independent  of  y+. 


Reply  to  Dr.  Larsson 

Concerning  the  first  question,  the 
figure  9  mentioned  refers  to  the  three- 
dimensional  case,  for  which  the  North 
Boundary  was  located  at  only  0.228x  chord 
from  the  floor.  For  the  2-D  case  the  outer 
boundary  was  indeed  set  at  2.5x  chords  from 
the  foil,  but  this  is  only  15-20  times  the 
B.L  thickness,  if  I  recall  correctly.  The 
general  policy  is  to  locate  the  outer  bound¬ 
ary  far  enough  from  the  viscous  region,  so 
that  known  boundary  conditions  can  be  ap¬ 
plied,  and  then  to  investigate  the  sensi¬ 
tivity  of  the  results  to  the  grid  both 
inside  and  outside  the  viscous  region.  It 
is  because  we  performed  the  second  stage 
and  demonstrated  grid  independency  that 
we  used  such  a  grid  distribution.  The  grid 
points  in  the  B.L  were  10,  at  the  trailing 
edge . 

Despite  the  above  considerations,  I 
do  realise  that  this  is  not  an  efficient 
use  of  a  viscous  flow  program.  This  reali¬ 
sation  is  among  several  reasons  that  led 
to  the  development  of  our  new  approach 
which  was  explained  in  my  presentation. 

This  approach  consists  of  using  two  calcula¬ 
tion  schemes  for  the  irrotational  external 
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Reply  to  Prof.  Wei-de  Xu 


flow  and  the  rotational  flow  close  to  and 
in  the  wake  of  the  body,  full  account  being 
taken  of  interactions. 

The  answer  to  the  second  statement  is 
the  same  as  for  Dr.  Gadd's  question.  We 
did  not  intend,  and  have  not  predicted  the 
presence  of  vortices. 


I  thank  Professor  Wei-de  Xu  for  supply¬ 
ing  me  with  his  interesting  modifications 
to  the  log  law.  We  will  study  them  thor¬ 
oughly  for  future  inclusion  in  our  wall 
functions. 


. . 
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ABSTRACT 

An  improved  theoretical  method  is  presented  for  com¬ 
puting  the  effective  wake  of  propulsors  operating  in  thick 
stern  boundary  layers  on  axisymmetric  bodies.  The  hydro- 
dynamic  interaction  between  the  nominal  velocities  upstream 
of  the  propulsor  and  at  the  propulsor  location  is  assumed  to 
be  invisdd  in  nature  and  the  total  energy  is  assumed  to  be 
conserved  along  a  given  streamline  with  and  without  the  pro¬ 
pulsor  in  operation.  Theoretical  predictions  using  the  method 
are  compared  with  experimental  data  obtained  in  the  United 
States  and  Japan  for  five  different  propulsor/axisymmetric 
body  configurations.  For  all  five  cases  examined,  the  com¬ 
puted  total  velocity  profiles  immediately  upstream  of  the  pro- 
puisor  (with  the  propulsor  in  operation)  are  in  good  agree¬ 
ment  with  the  measured  values.  In  addition,  the  volume-mean 
values  of  effective  velocity  profiles  computed  from  the 
measured  nominal  velocity  profiles  are  in  good  agreement 
with  the  measured  values  of  the  Taylor  wake  fraction  (l-wT) 
for  all  five  nominal  wake  distributions  over  a  wide  range  of 
propulsor  thrust  loading  coefficients. 

1.  INTRODUCTION 

The  velocity  profile  at  the  location  of  the  propulsion 
device  in  the  absence  of  a  propulsor  is  called  the  nominal 
velocity  profile.  The  effective  inflow  velocity  distribution  ex¬ 
perienced  by  the  propulsor  depends  on  the  mutual  interaction 
of  the  propulsor  (loading  distribution  and  geometric  charac¬ 
teristics)  and  the  stern  boundary  layer.  It  can  be  significantly 
different  from  the  nominal  velocity  distribution.  In  the  design 
of  a  wake-adapted  propulsor,  the  radial  distribution  of  effec¬ 
tive  inflow  velocity  is  often  estimated  by  ratioing  the 
measured  nominal  circumferential-mean  axial  profile  up  or 
down  by  a  constant  factor.  The  factor  is  sometimes  taken  to 
be  (l-wTy(l-wx),  where  wT  is  the  Taylor  wake  fraction  and  wN 
is  the  measured  volume-mean  nominal  wake.  Naval  architects 
derive  the  Taylor  wake  traction  from  propeller  open  water 
curves  on  the  basis  of  thrust  identity  between  propeller 
powering  experiments  in  open  water  and  behind  the  ship 
model. 

The  constant-factor  empirical  approach  for  obtaining 
effective  inflow  distribution  is  net  based  on  a  rational  hydro- 


dynamic  theory.  Until  recently,  detailed  velocity  surveys  in 
the  presence  of  an  operating  propulsor  were  not  available, 
and  the  actual  distribution  of  effective  velocity-  into  a  pro¬ 
pulsor  had  not  been  examined  fully.  Providing  the  correct 
distribution  of  effective  inflow  for  wake-adapted  propulsor 
design  is  essential  to  meeting  the  ever  increasing  demand  for 
improving  propulsion  performance  and  energy  conservation. 

In  order  for  a  propulsor  to  produce  a  required  thrust  to 
power  a  ship  with  minimum  power  and  minimum  cavitation 
at  a  prescribed  propulsor  rotational  speed,  the  effective 
velocity  distribution  used  in  the  propulsor  design  must  be 
very  accurate. 

In  1976,  a  Laser  Doppler  Velocimeter  (LDV)  was  suc¬ 
cessfully  used  by  lg  et  al.1  to  measure  velocity  profiles 
very  close  to  the  propulsor.  The  measured  velocity  profiles, 
stem  pressure  distributions,  and  stem  shear  stress  distribu¬ 
tions  with  and  without  an  operating  propulsor  provided  the 
necessary  clues  to  the  proper  understanding  of  the  interac¬ 
tion  between  a  propulsor  and  stem  boundary-  layer  on  axisym¬ 
metric  bodies.  The  influence  of  propulsors  on  axisymmetric 
stem  boundary  layers  was  found  to  be  contained  within  a 
limited  region  extending  two  propulsor  diameters  upstream  of 
the  propulW.  The  propulsor/stem  boundary  layer  interaction 
was  found  to  be  invisdd  in  nature.  The  invisdd  approxima¬ 
tion  computer  program  developed  by  Huang  et  al.1  predicted 
v  ery  well  the  measured  total  velodties  in  front  of  the  oper¬ 
ating  propulsor.  Subsequent  detailed  measurements  of  the 
velocity  profiles  with  and  without  a  propulsor  operating  in 
two  axisymmetric  wakes  were  made  by  Nagamatsu  and 
Tokunaga.2  An  invisdd  approximation  again  predicted  well 
the  measured  total  velodties  in  front  of  the  operating  pro¬ 
pulsor. 

Schetz  and  Favin3-4  have  formulated  a  numerical  pro¬ 
cedure  based  on  the  full  Navier-Stokes  equations  to  compute 
the  flow  near  body/propulsor  configurations.  The  computed 
axial  velocities  at  two  propulsor  diameters  downstream  of  the 
propulsor  compared  satisfactorily  with  the  measured  results. 
This  numerical  procedure  has  not  been  applied  to  the  com¬ 
putation  of  effective  wake  in  design  of  wake-adapted  pro- 
pulsors. 

The  influence  of  a  stem-mounted  propulsor  on  the 
flow  field  past  bodies  of  revolution  and  a  flat  plate  was 
measured  by  Hucho,ss  r  although  no  attempt  was  made  to  ac- 
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tually  calculate  the  effective  wake  distribution.  Other  inves¬ 
tigations  related  to  this  subject  were  made  by  Wertbrecht,3 
Hickling,-  Tsakonas  and  Jacobs,50  and  Wald.'- 5  Methods  to 
estimate  effective  wake  were  proposed  by  Raestad,12 
Nagamatsu  and  Sasajima,53  and  Titoff  and  Otlesnov.14  The 
only  known  previous  effort  to  theoretically  address  this  prob¬ 
lem  is  due  to  D.M.  Nelson*  who  developed  a  computer  pro¬ 
gram  for  calculating  the  effective  wake  from  the  measured 
nominal  wake  and  static  pressure  distribution  across  the 
boundary  layer. 

In  the  present  paper,  an  improved  method  for  com¬ 
puting  effective  wake  distribution  from  the  measured  nominal 
wake  distribution  is  derived.  Serious  effort  has  been  made  in 
this  work  to  compare  the  theoretical  velocity  predictions  with 
velocity  distributions  measured  by  an  LDV  or  i.  five-hole  pitot 
probe  immediately  upstream  of  an  operating  propuisor.  For 
all  five  cases  examined,  the  computed  total  velocities  up¬ 
stream  of  the  operating  propulsors  are  in  good  agreement 
with  the  measured  values. 

The  computed  volume-mean  effective  wake  distribu¬ 
tions  are  shown  to  compare  favorably  with  the  measured 
Taylor  wake  fractions  derived  from  self-propulsion  experi¬ 
ments  of  five  different  nominal  wakes.  A  Considerable  amount 
of  experimental  data  and  relevant  computational  results  are 
tabulated  to  permit  the  independent  assessment  of  the  pres¬ 
ent  method  by  other  investigators. 

2.  THEORY 

2.1  Propulsor/Stem  Boundan-  Layer  interaction 

The  experimental  data  given  in  References  I  and  2 
allow  one  to  conclude  that  the  influence  of  propulsors  on 
upstream  stem  boundary  layers  is  detectable  only  within  two 
propulsor  diameters  upstream  of  the  propulsor.  Upstream  of 
the  propulsor.  the  mean  circumferential  velocity,  v6,  is  iden¬ 
tically  equal  to  zero  on  an  axisymmetric  body  both  with  and 
without  the  propulsor  in  operation.  The  following  assumptions 
are  made  to  derive  a  theoretical  approximation  of  the  hydro¬ 
dynamic  interaction  between  a  propulsor  and  a  thick  stem 
boundary  layer  upstream  of  the  propulsor:  (a)  the  flow  is  ax- 
isymmetric  and  the  fluid  is  incompressible;  (b)  the  interaction 
of  propulsor  and  nominal  velocity  profile  is  considered  to  be 
invisdd  in  nature;  thus,  proputeor-induced  viscous  losses  ?nd 
turbulent  Reynolds  stresses  are  neglected:  (c)  the  conven¬ 
tional  boundary-layer  assumption,  dvjdx  «  dujdr  is 
assumed  to  be  valid  for  the  nominal  boundary  layer  in  the 
absence  of  a  propulsor  and  (d)  upstream  of  the  propulsor,  no 
energy  is  added  to  the  fluid  by  the  propulsor,  and  the 
propulsor-induced  velocity  field  upstream  of  the  propulsor  is 
irrotational.  The  theoretical  formulation  of  propulsor/ stern 
boundary  layer  interaction  subject  to  the  above  assumptions 
has  already  been  given  by  Huang  et  al..5  and  will  only  be 
briefly  outlined  here. 

The  vector  equation  of  steady  motion  for  an  invisdd 
fluid  is  given  by  (see,  for  example.  Reference  15) 

-  —i  1 

V  x  <ji  =  —grad  H,  (1) 

€ 

where  V  is  the  fluid  velocity,  cu  »  v  x  V  is  the  vorticity  vec¬ 
tor,  and  H  =  p  +  ■  V)  is  the  total  head,  with  q  mass 

density  and  p  pressure.  For  cy'indrkal  polar  coordinates  (r,  0. 
x)  with  =  (vr,  vs  =  o.  ux),  ti. .-  radial  component  of  Equa¬ 
tion  (1)  may  be  written5  as 

/flUj  9v.\  1  3H  dip  nij  3H 

U*  \  3r  3x  /  o  dw  dr  o  3ui  ® 
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where  tp  is  the  stream  function  for  an  incompressible  fjdsym- 
metrie  flow  defined  by 

1  dip 

«  ~  T"  ■ 
r  Sr 


Since  the  flow  velocities  are  increased  due  to  the  ac¬ 
tion  of  the  propulsor,  stream  surfaces  are  snifted  closer  to 
the  body  surface.  As  shown  in  Figure  I.  a  typical  stream  sur¬ 
face  moves  inward  from  r  to  rj,  while  the  resultant  velocity  is 
higher  than  the  nominal  velocity.  The  resultant  velocity  u.,.  as 
would  be  measured  in  front  of  die  propulsor,  will  be  called 
the  total  velocity. 

- — .  —  —  —  —  —  V** - - - - - —  —  —  —  — ■ — —  —  —  — 
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Figure  1  —  Definition  Sketch  for  Propulsor  Stem 
Boundary  Layer  Interaction 

Since  no  energy  is  added  to  the  upstream  fluid  bv  the 
propulsor  and  since  we  assume  no  change  of  viscous  losses 
due  to  propulsor  induction  effects,  the  total  pressure  head 
within  a  given  stream  annulus  upstream  of  the  propulsor  re¬ 
mains  constant  with  the  propulsor  (denoted  by  a  subscript  p) 
and  without  the  propulsor  in  operation:  thus,  "upstream  of  the 
propulsor 
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or  from  Equation  (2) 
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where  ws  is  the  0-component  of  the  vorticity-  vector.  The 
value  of  wjr  must  therefore  be  conserved  along  the  stream 
annulus  with  and  without  an  operating  propulsor.  The  radial 
velocity  with  the  propulsor  in  operation  is  assumed  equal  to  vr 
+  vy,  where  vr  is  the  radial  velocity  without  propulsor  and 
Vp,  is  the  circumferential-average  propulsor-induced  radial 
velocity.  Since  the  propulsor-induced  velocity  field  is  assumed 
to  be  irrotational,  we  require 

—a.  3  v  3il 

where  Vp  is  the  resultant  propulsor-induced  velocity,  and  Uj 
is  the  circumferential-average  propulsor-induced  axial  veloci¬ 
ty.  Substitution  into  Equation  (3)  yields  a  simple  relationship 
for  the  location  of  the  new  stream  surface  r,. 


-652- 


Using  the  ir.  otationaiity  condition  applies  to  the  nominal  veloci¬ 
ty  as  well  as  propulsor-induced  velocity  fields,  e  g. 


1  dU,  1  Id  Up 

r  dr  r(1  \3rp  3rp/ 

[I  W  _  i  (4) 

[  r(,  3x  r  dx  ]  • 

The  normal  boundary -layer  approximation  d\Jdx  « 
3ux/3r  is  now  assumed  to  be  valid  for  the  nominal  velocity 
profiles.  In  order  to  check  this  assumption,  the  radial  nominal 
velocity  profiles  were  measured  by  a  TSI,  Inc.  Model  1241 
“X"  -  wire  at  two  axial  planes,  one  immediately  upstream 
(x/Dp  =  -0.227)  of  the  propulsor  and  one  on  the  propulsor 
plane.  The  values  of  dx]ldx  determiiied  from  velocity  meas¬ 
urements  on  Afterbodies  1  and  2  of  Reference  16  were  found 
to  be  less  than  0.05  dxxjdr.  The  radial  velocity  v,  was  found 
to  vary  very  slowly  across  the  boundary  layer.16  Therefore, 
we  may  assume  that  vfi)  s  v,(rP).  Furthermore,  the  value  of 
(r-r„yrp  represents  the  percentage  change  in  radial  location  of 
a  given  streamline  with  and  witnout  the  propulsor  operating; 
its  value  is  found  to  be  less  than  0.2  for  most  of  the  cases 
considered.  Thus,  the  order  of  magnitude  of  the  last  term  in 
Equation  (4)  can  be  estimated  as 


1  3v^rp)  _  i  3Vf<r) 

^ _ **  r  3x  s 

I  ^ 

r  3r 
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and.  therefore,  will  be  neglected  in  the  following  analysis. 
Equation  (4)  then  reduces  to 

I  =  i  5) 

r  dr  rp  \3rp  3r„  I  -  ’ 

Within  a  given  stream  annulus  the  massflow  is  constant  with  or 
without  a  propulsor  operating.  Thus,  at  a  given  axial  location  x. 
we  may  write. 


dv  =  rUjdr  =  rpUpdrp.  (6) 

Inserting  this  expression  into  Equation  (5)  yields 

Ujdu*  =  u.,d(Uj,  -  ul,)  .  (7) 

Equations  (6)  and  (7)  are  the  governing  equations  for 
the  propulsor  and  stem  boundary-layer  interaction.  The 
nominal  velocity  ux(r),  and  the  circumferential-average 
propulsor-induced  axial  velocity,  Uj(rfl),  can  be  used  to  obtain 
the  new  location  of  the  stream  surface  rp  with  total  velocity 
U;„  In  Equation  (6).  the  values  of  r  and  rP  arc  equal  on  the 
body  surface.  Far  outside  of  the  boundary  layer,  the  flow  is 
uniform  without  any  voracity.  Then  we  have  du*  =  0  as  r  — 

«» in  Equation  (6),  which  implies  dfiu,  -  uj  =  0,  and  u,,  -  ua 
=  constant  =  V  (ship  speed),  or  Up  =  V  +  tij.  since  u,  is  zero 
and  Uj.  has  to  be  equal  to  V  as  r  -**  «*>. 

Simiiarily.  for  an  open  propulsor  in  uniform  flow,  dux 
=  0  in  equation  (T),  and  we  have  u.,  =>  V  +  ua.  The  total 
velocity  u»,  for  an  open  propulsor  in  uniform  flow  is  the  sum 
of  the  uniform  ship  speed  V  and  the  propulsor-induced  veloci¬ 
ty  u,  without  any  interaction. 

If  the  nominal  velocity  field  is  irrotational.  the  left- 
hand  side  of  Equation  (3)  must  be  zero:  thus,  the  right-hand 
side  of  Equation  (3) '  koines 

gtytp)  _  dv^J  _  3vpf(rrJ  _ 

3rp  3x  3x 


3Vwfrp)  3u,(r)  3virr)  3ux(rp) 

3x  3rp  3x  3rp 

The  above  equation  becomes 

3 

—  l“p(r-J  -  ux(r,J  -  u-^/p)!  =  0  , 
or 

Up(rrJ  =  ux(rp)  +  irjrj  . 

Thus,  the  total  velocity  Up  for  a  propulsor  operating  in  an  ir¬ 
rotational  nominal  velocity  field  is  the  sum  of  the  correspond¬ 
ing  nominal  velocity  and  the  propulsor-induced  velocity*  with¬ 
out  any  additional  interaction. 

2.2  Effective  Velocities 


In  current  propulsor  design  and  performance  predic¬ 
tion  practice,  only  the  measured  model  nominal  velocity  pro¬ 
file  is  available.  The  full-scale  nominal  velocity*  profile  can 
then  be  estimated  as  the  sum  the  measured  model  nominal 
velocity*  profile  plus  an  appropriate  Reynolds-number  correc¬ 
tion.  The  nominal  velocity*  profile  for  either  the  model  or  the 
full-scale  propulsor  is  assumed  to  be  available  at  the  outset. 
The  present  theory  can  be  applied  to  obtain  the  effective 
velocity*  distribution  using  the  nominal  velocity  profile  as 
input. 

If  the  effective  velocity  is  defined  to  be  the  total 
velocity  with  the  propulsor  in  operation  minus  the  propulsor- 
induced  axial  velocity.  u.;  (r)  =  ur  (r-)  -  u;;,  that 
Equation  (7)  beocrnes  ’ 


UjdUj  -  (u,  +  ujdu,. .  (8) 

At  large  radial  distances  from  the  propulsor  axis  (r  ■*  <*>),  the 
value  of  the  propulsor-induced  velocity*  becomes  zero  and, 
hence,  the  effective  velocity*  is  equal  to  the  nominal  velocity*  as 
r-*-  The  finite-difference  form  of  Equation  (8)  can  be  written 
as 


K.i  +u*ilu*i.i  = 

K.S  +  Uai.,+Uq  + 


or 


(9) 
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In  practice,  the  nominal  velocities  are  known  from  the  inner¬ 
most  radius  of  the  propulsor  to  a  radial  position  (e.g..  r  >  3.0 
Rj,)  large  enough  for  the  propulsor-induced  axial  velocity  u,  to 
be  zero.  The  vSue  of  the  effective  velocity*  at  that  point  is 
equal  to  the  nominal  velocity*.  This  condition  can  be  used  to 
solve  the  effective  velocity  in  Equation  (9)  step  by  step  from 
this  initiai  radial  position  inward  towards  the  body  surface. 
The  nominal  velocity*  at  the  hub  of  the  propulsor  is  usually 
taken  to  be  the  linearly  extrapolated  value  of  the  measured 
nominal  velocities  near  the  body  surface  rather  than  zero  in 
order  to  avoid  an  unnecessarily  large  number  of  computa¬ 
tional  grid  points  near  the  body  surface. 

Since  the  induced  velocity  u,  is  not  known  initially,  the 
present  theory  can  be  applied  in  an  iterative  procedure  to  pro¬ 
pulsor  design  of  performance  prediction.  The  circumferential- 
average  propulsor-induced  axial  velocity  u*  will  be  assumed  to 


be  the  same  within  the  same  stream  annulus  with  and  without 
the  propulsor  in  operation  in  every  iteration. 

In  conventional  propulsor  design,  when  the  nominal 
wake  distribution  is  given  and  either  the  propulsor  thrust  at  a 
given  speed  or  uie  delivered  shaft  power  is  given,  the  follow¬ 
ing  procedure  may  be  followed: 

(a)  First,  estimate  the  thrust  loading  coefficient  Cj§  of 
the  propulsor  and  then  estimate  the  propulsor-induced  axial 
velocity  by  using  the  actuator  disk  approximation,17  i.e., 
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An  initial  estimate  of  effective  velocities  can  then  be  obtained 
by  solving  Equation  (9). 

(b)  The  conventional  propulsor  lifting-line  computional 
method11*  !9-°  may  be  used  to  design  a  propulsor  to  operate  in 
the  estimated  effective  velocity  profile  u,  with  a  prescribed 
nondimensionai  circulation  distribution  G  which  produces  the 
required  thrust  An  improved  solution  estimate  of  the  circum¬ 
ferential-average  propulsor-induced  axial  velocity,  it,,  can  be 
computed  from  the  output  of  the  lifting  line  computer  pro¬ 
gram19  by  a  simple  integration,21 


Uj  K  r  dG(r)  _ 

V  2  dF  F 


dr 


tanftfr) 


(10) 


tion  will  be  extrapolated  linearly  toward  the  wall,  resulting  in 
a  nonzero  velocity  at  the  wall.  Since  u,  and  Uj,  can  be  approx¬ 
imated  locally  by  a  linear  function  of  r  and  r.„  the  mass  flux 
within  the  stream  tul>e  annulus  given  by  dr  '=  r, ,  -  r,  and 
dr(,  =  rh . .  -  rw  can  be  integrated  from  Equation  (6)  as 
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iM- 1 


Vi.  i  -  Vi  =  =f  ruxdr  rpS«^p 

ri  '  rpi 

with  u(r)  =  U,  -i-  ((r  -  r;)((ru ,  -  r,)]  (u, .  j  -  Uj)  and  r^rSr^  j 

to  obtain  the  finite  difference  form  of  Equation  (6)  as 

(rf-  i  -  rf)  f(2uXl,  ,  +  u«j)  -  (u*. . ,  -  ui;)  - - - 

l  ri*l  +  ri 

=  (rP,-i  -  rf-;)  (2u1,.1  -  Up.)  -  (Up,.,  -  Up,)  - — —  I 

I  *[*.1  +  rPs  J 

(11) 

At  the  body  surface  rs  =  rpi.  This  condition  can  be  used  to  solve 
for  rft  _ ,  step  by  step  from  the  body  surface  outward,  e.g. 


C  +  V  C2  -  4BD 


2B 


(12) 


where  B  =  2uft. ,  +  Up, 

C  ”  -rh(uPi. i  -  Up,) 


where  G  =  r/2«RpV,  tan  p.  =  (u,.  +  iyffSrRp  -  u4),  K  is  the 
number  of  blades,  Q  is  the  propulsor  angular  velocity,  7  = 
r/Rj„  rj,  is  the  dimensionless  hub  radius,  and  and  u,  are  the 
axial  and  tangential  propulsor  induced  velocities  at  lifting 
line,  respectively. 

(c)  A  new  effective  velocity  profile  can  be  obtained  by 
using  the  new  lifting-line  solution  of  a,  in  Equation  (9). 

(d)  Steps  (b)  and  (c)  are  repeated  until  the  values  of  G 
and  Uj.  converge  to  within  some  specified  tolerance.  Two 
iterations  have  been  found  to  be  sufficient  for  preliminary 
design. 

(e)  If  a  final  lifting  surface  design20—-23  is  required, 
the  find  solution  of  circumferential-average  propulsor-induced 
axial  velocity,  at  the  propeller  plane  can  be  calculated  by- 
using  a  field-point  velocity-  program20  which  includes  lifting" 
surface  corrections  and  thickness  distributions.  The  fina,  *f- 
fective  velocity  profile  is  obtained  by  using  the  final  lifting- 
surface  solution  of  ua  in  Equation  (9). 

For  calculation  of  the  performance  of  a  propulsor  of 
given  geometry  and  rpm,  a  computational  method24  is 
available  to  predict  G  and  tan/?,  for  estimated  values  of  14.  A 
new  effective  velocity  profile  can  be  calculated  using  the  new- 
induced  velocity  u,  computed  from  the  field-point  velocity 
program.20 

2.3  Total  Velocities  Upstream  of  Propulsor 

The  total  velocities  at  the  propulsor  plane  are  rather 
difficult  to  measure.  Therefore,  in  order  to  evaluate  the  pres¬ 
ent  theory  a  comparison  of  total  velocity  Up  between  theory 
and  experiment  must  be  made  immediately  upstream  of  the 
propulsor.  The  total  velocity  is  Up  =  u*  +  ^  where  u,  is  solv¬ 
ed  by  Equation  (9)  and  the  value  of  the  propulsor-induced 
velocity  u,  must  be  calculated  at  the  position  where  the  total 
velocities  are  measured.  The  new  radial  position  for  Up  can  be 
obtained  from  Equation  (6).  The  nominal  velocity  u,  can  be 
approximated  veiy  accurately  over  a  small  increment  of 
radius  dr  as  a  linear  function  of  r.  Although  the  velocity  at 
the  wail  is  zero,  the  velocity  profile  in  the  present  approxitna- 


D=  -iOh,.,  -  2uft)  -  F 

F  =  (U.  1  -  1f)(2uJj. ,  +  uxj)  -  r,(Uij  „ ,  -  ul;) 

(r,  *  j  -  n) 

Both  the  effective  velocity  14,  and  the  new  radial  position 
rK . ,  for  the  total  velocity-  uw  . ,  =  u*,  „ .  +  ,  are  the  simple 

solutions  of  the  quadratic  Equations  (9  and  12).  The  effective 
velocity-  is  solved  (independent  of  rp)  inward  from  a  large  radial 
f  sition  where  the  propulsor-induced  velocity-  is  zero.  Once  the 
v  Jues  of  Ue  are  obtained,  the  new  radial  position  rp, . ,  can  be 
solved  from  the  body  surface  outward.  These  two  solutions  are 
decoupled  without  any  need  for  employ  ing  an  iterative  numeri¬ 
cal  procedure.  These  solutions  can  readily  be  incorporated  in 
r'o st  propulsor  design  practices. 

3.  EXPERIMENT 

3.1  Two  Propulsors  in  Five  Nominal  Wakes 

The  experimental  data  used  to  evaluate  the  present 
theory  are  derived  from  two  propulsors  operating  in  five  dif¬ 
ferent  nominal  wakes.  The  geometrical  characteristics  of  the 
propulsor  used  at  DTNSRDC,  denoted  Propulsor  T,  are  given 
in  Reference  1  and  those  of  the  propulsor  used  at  Nagasaki 
Experimental  Tank  by-  Nagamatsu  and  Tokunaga,  denoted 
Propulsor  J,  are  given  in  Reference  2. 

Three  axisymmetric  bodies,  designated  as  Models  1,  C, 
and  D,  were  used  to  generate  thick  stern  boundary  layers  for 
Propulsor  T.  The  offsets  of  the  three  models  are  given  in 
Tables  1  through  3.  The  propulsor  was  located  at  x/L  = 

0.983,  where  x  is  the  axial  distance  from  the  nose  and  L  is 
the  total  body  length.  The  ratio  of  the  propulsor  radius  to  the 
maximum  hull  radius,  Hp/r^,  is  0.545  for  Model  1  and  0.484 
for  Models  C  and  D.  The  maximum  radius  of  the  model  (r^u) 
is  13.97  cm  for  Model  1  and  31.18  cm  for  Models  C  and  D. 

The  three  models  were  constructed  of  molded  fiberglass;  spe¬ 
cified  profile  tolerances  were  held  to  less  than  ±  0.4  mm,  all 


imperfections  were  removed,  meridians  were  faired,  and  the 
fiberglass  was  polished  to  a  0.64-micron  rrns  surface  finish. 

One  axisymmetrie  body  was  constructed  by  Nagamatsu 
and  Tokunaga2  for  their  investigation.  The  total  length  of  the 
body  was  3.085  m  and  the  maximum  radius  was  10.66  cm. 

The  propulsor  was  located  at  2.5?  propeller  diameters  down¬ 
stream  of  the  after  perpendicular.  A  wire  mesh  was  wrapped 
around  the  aft  portion  of  the  parallel  middle  body.  The  nom¬ 
inal  wakes  without  and  with  the  wire  mesh  will  be  designated 
as  wakes  A  and  B.  respectively.  The  value  of  RJrnax  was 
0.610. 

The  measured  distributions  of  the  nominal  axial  veloc¬ 
ities  at  the  propulsor  plane  for  the  five  wakes  ore  shown  in 
Figure  2.  There  is  considerable  variation  in  the  nominal  veloc¬ 
ity  distributions  among  the  five  wakes  selected  for  the  pres¬ 
ent  investigation. 
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Figure  2  —  Measured  Nominal  Axial  Velocity  Profiles 
of  the  Five  Nominal  Wakes 

3.2  Experimental  Technique 

The  experimental  investigation  of  Models  1,  C,  and  D 
was  conducted  in  the  DTNSRDC  anechoic  wind  tunnel.  The 
wind  tunnel  has  a  2.438*  by  2.438-m  test  section  with  a  maxi¬ 
mum  air  speed  of  61  m/s.  The  model  was  supported  by  two 
streamlined  struts  separated  by  roughly  one-third  of  the 
model  length.  The  upstream  strut  had  a  15-cm  chord  and  the 
downstream  strut  had  a  3-cm  chord.  The  distrubances  gener¬ 
ated  by  the  supporting  struts  were  within  the  region  below  the 
horizontal  centerplane.  All  the  measurements  of  the  nominal 
and  the  total  velocities  were  made  in  the  vertical  centerplane 
along  the  upper  meridian  and  there  was  little  extraneous  ef¬ 
fect  from  the  supporting  struts.  Each  stern  of  the  model  pro¬ 
truded  from  the  closed-jet  working  section  of  the  wind  tunnel 


into  the  anechoic  chamber  (6.4  x  6.4  x  6.4  m)  located  up¬ 
stream  of  the  diffuser.  Propulsor  T  was  driven  by  a  9-kW 
high-speed  motor  mounted  inside  the  stern  of  the  model.  The 
rotational  speed  of  the  propulsor  shaft  was  measured  by  a 
magnetic  pickup. 

Time-average  nominal  velocities  at  the  propulsor  plane 
and  at  a  plane  immediately  upstream  of  the  propulsor  plane 
in  the  absence  of  the  propulsor  were  measured  by  a  Laser 
Doppler  Velocimeter  (LDV)  and  checked  by  a  TSI,  Inc.  Model 
1241  "X"  wire  monitored  by  a  two-channel  TSI  Model  1050-1 
hot-wire  anemometer The  axial  velocity  profiles  inside  the 
stem  boundary  layer  hteasured  by  the  LDV  and  by  the  hot¬ 
wire  anemometer  were  found  to  agree  within  two  percent  of 
the  free-stream  velocity.  The  total  velocities  immediately  up¬ 
stream  of  the  propulsor  were  measured  by  the  LDV  with  the 
propulsor  in  operation.  Some  of  the  data  have  already  been 
reported  in  Reference  1.  Most  data  presented  in  this  investi¬ 
gation  were  measured  after  the  publication  of  Reference  1 
although  the  same  LDV  measurement  techniques  were  used. 
The  overall  accuracy  of  the  measured  axial  velocities  by  the 
LDV  is  about  two  percent  of  the  free-stream  velocity. 

In  the  investigation  of  Nagamatsu  and  Tokunaga,2  the 
model  was  also  supported  by  two  struts  and  propulsor  J  was 
mounted  on  and  driven  by  the  dynamometer  used  for  open- 
water  propulsion  testing.  The  experiments  were  conducted  in 
a  towing  tank.  The  propulsor  plane  was  located  at  5.13  Rp 
downstream  of  the  after  perpendicular  of  the  model:  the 
model  centerline  depth  of  submergence  was  4.6  R.,  where  R., 
is  the  radius  of  the  propulsor.  A  five-hole  pitot  probe  of  NPL 
type  was  used  to  measure  the  axial  and  the  radial  velocities 
with  and  without  the  propulsor  in  operation.  The  overall  ac¬ 
curacy  of  this  type  of  pitot  probe  for  measuring  velocity  is 
about  three  percent  of  the  free-stream  velocity.  Standard  self¬ 
propulsion  and  open  water  experiments  were  conducted  to 
determine  the  Taylor  wake  fraction. 

Standard  self-propulsion  experiments  were  also  con¬ 
ducted  in  the  DTNSRDC  model  basin  using  a  large  model:  the 
centerline  depth  of  submergence  was  17  R,,  to  avoid  the  ef¬ 
fect  of  the  free  surface.  The  towing  strut  had  a  20-cm  chord 
and  was  located  at  40-percent  of  body  length  downstream 
from  the  nose.  The  conditions  of  the  self-propulsion  experi¬ 
ments  for  the  two  propulsors  operating  in  the  five  nominal 
wakes  are  tabulated  in  Table  4.  to  be  discussed  below. 

4.  RESULTS  AND  DISCUSSIONS 

4.1  Effective  Wake 

The  two  propulsors  used  in  the  self-propulsion  experi¬ 
ments  (Table  4)  were  stock  propulsors  and  were  not  operated 
at  their  design  conditions.  A  propulsor  performance  pred’e- 
tion  computer  program24  was  used  to  compute  the  values  r-f 
non-dimensional  circulation  G  and  hydrodynamic  pitch  angle 
tanft  for  the  estimated  value;  of  14.  The  final  values  of  tan  A 
were  scaled  up  or  down  by  the  ratio  of  the  measured  value  of 
Kt  to  the  computed  value  of  Kt.  The  values  of  G  and  modi¬ 
fied  tan  A  were  then  used  to  compute  the  propulsor-induced 
velocities  by  a  field-point  velocity  computer  program20  with  a 
lifting-surface  option.  The  new  values  of  u,  were  then  used  to 
compute  a  second  estimate  of  the  effective  velocity  u*  by  us¬ 
ing  Equation  (9).  Three  iterations  were  sufficient  for  the  com¬ 
puted  values  of  u,  to  converge  to  within  0.2  percent  accuracy. 
Table  4  shows  the  computed  values  of  Kq.  dp,  the  volume- 
mean  effective  and  nominal  velocities,  (uxky  and  (u,ty,  and  the 
effective  velocity  at  the  0.7  propulsor  radius.  The  notation 
used  in  Table  4  is  as  follows: 


G  = 


=  non-dimensional  circulation 
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Cts 

T 

fv^R? 

thrust  loading  coefficient  based  on  ship 
speed 

Kt 

T 

cn2EH 

thrust  coefficient 

Kq 

Q 

en-D5 

torque  coefficient 

% 

,  J-Kt 
=  (It)  i  = 

2nKq 

propulsive  efficiency 

Jv 

V 

nD 

ship-speed  advance  coefficient 

V 

=  ship  speed 

F 

=  circulation 

T 

»  Thrust 

Q 

*  Torque 

t 

=  Thrust  deduction  fraction 

e 

=  mass  density  of  the  fluid 

n 

=  Rate  of  revolution 

D 

-  2Ru  = 

I  ropulsor  diameter 

Rp 

Jj  2w^dr 

[u^l  IW  =  -h-  , - - —  =  Volume-mean  effective  velocity  ratio 

^  -  re) 

Rp 

j  2nr— -dr 

[u-l/V  =  h  - —  «  Voiume-mean  nominal  velocity  ratio 

^  n(K£  -  rjt) 

and  rh  =  Hub  radius  of  the  propulsor 

The  experimentally  determined  value  of  the  Taylor  wake  frac¬ 
tion  wy  is  also  shown  in  Table  4.  It  is  important  to  note  that 
the  measured  values  (l-wy)  agree  to  within  ±  0.03  with  the 
computed  values  of  the  volume-mean  effective  velocity  ratio, 
[uJ/V,  and  effective  velocity  ratio  at  0.T  propulsor  radius, 
[uJoj/V,  for  all  twelve  propulsion  conditions.  The  overall  ac¬ 
curacy  of  the  propulsion  experiments  is  about  ±  2%.  There  is 
no  reason  that  the  value  of  (l-Wj)  should  be  exactly  equal  to 
[u,yv.  However,  the  general  agreement  between  the 
measured  values  of  fl-wT)  and  the  computed  values  of  [u,]/V 
for  a  wide  variety  of  nominal  wakes  and  propulsion  loading 
conditions  does  pr  vide  an  indirect  confirmation  of  the  pres¬ 
ent  theory. 

Typical  values  of  the  computed  effective  and  total 
velocities  at  the  plane  of  the  propulsor  are  shown  in  Figure  3 
and  listed  in  Table  5.  The  final  computed  values  of  G,  tanft, 
and  14  are  listed  in  Table  6  for  the  conditions  used  in  this  in¬ 
vestigation.  This  information  is  sufficient  for  other  in¬ 
vestigators  to  perform  independent  calculations. 


v'  v'  V 

Figure  3  —  Typical  Toiai  and  Effective  Axial  Velocity  Profiles 
Computed  from  the  Measured  Nominal  Axial  Velocity  Profiles 
at  the  Location  of  Propulsor  T  in  Wake  1 

4.2  Total  Velocities  Upstream  of  Propulsor 

With  the  final  computed  values  of  G.  tanft  and  u«  the 
field-point  velocity  computer  program2®  with  the  lifting- 
surface  option  was  used  to  compute  the  induced  velocity  u, 
upstream  of  the  propulsor.  The  total  velocity  up  and  the 
radial  position  r-,  were  then  computed  using  Equations  (9)  and 
(1 1).  The  detailed  results  of  the  computation  and  the  meas¬ 
ured  data  are  tabulated  in  Table  7.  The  comparisons  between 
the  measured  total  velocity  profiles  and  the  computed  total 
velocity  profiles  are  shown  in  rigures  4  through  9.  The  agree¬ 
ment  between  the  measured  and  computed  values  of  Up  is  ex¬ 
cellent  for  all  cases.  Thus,  it  may  be  concluded  that  the  pres¬ 
ent  invisdd  approximation  provides  a  good  representation  of 
the  complex  hydrodynamic  interaction  between  the  propulsor 
and  the  wake  and  can  be  used  with  confidence  to  calculate 
the  effective  velocity  profile  for  a  propulsor  in  an  axfeym- 
metric  wake.  The  ratio  of  the  measured  total  and  nominal 
velocities  shown  in  Figures  4  through  9  is  found  to  be  largest 
near  the  propulsor  hub  and  to  decrease  toward  the  propulsor 
tip.  Hence,  the  computed  ratio  of  effective  and  nominal 
velocities  is  largest  at  the  propulsor  hub  ar>?  decreases  to 
about  1.0  at  the  propulsor  tip,  which  is  quite  different  from 
methods  which  assume  that  the  effective  wake  profile  is  a 
constant  multiple  of  the  nominal  wake  profile. 

5.  CONCLUSION 

In  this  paper,  we  have  summarized  recent  experi¬ 
mental  and  theoretical  investigations  of  the  effective  wake  for 
the  axisvmmetric  propulsor/ stern  boundary  layer  interaction 
problem.  A  comprehensive  set  of  experimental  data  in  tabu¬ 
lated  form  is  presented  for  two  propulsors  operating  in  five 
quite  different  nominal  wakes.  The  data  are  compared  with 
calculations  based  on  an  invisdd  propulscr/stem  boundary 
layer  interaction  theory  and  provide  valuable  insights  into  the 
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TABLE  2  -  OFFSETS  FOR  MODEL  C 


TABLE  3  -  OFFSETS  FOR  MODEL  D 
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00740 

. 0?b*  3 

.0' 1-7 

. 3*566 

17,95 

H  J23 

04,75 

50CC0 

.662.6 

043-* 

49060 

16403 

.04735 

49991 

.55024 

C47  36 

5CCS0 

.476'*i 

. :  :>'  -*0 

063*2 

0 1 254 

C»o03 

1 7  VC  9 

Ivi-vO 

.04,75 

50000 

.66*02 

C4J78 

4S355 

.16432 

.04735 

50000 

5*jC»*7 

. 04“ J6 

.SCCCO 

983*7 

005  38 

0:«s2 

.01312 

.Ci*>3‘.» 

183*4 

17041 

C44?5 

-5CCOO 

.69979 

.04240 

47-67 

. 1746* 

,0473b 

50CC0 

.57*45 

.04736 

.  SCCCO 

98853 

CO-82 

OSCa? 

0136- 

Ci‘>75 

18710 

1 7-«?2 

0  1475 

.50000 

.71855 

04  J  *>2 

.46396 

. 179-0 

,04736 

5C0C0 

.51*704 

.04736 

sccco 

99  -7 

CO-44 

C-i  8- 

our 

01  “09 

1 9098 

1 77t,2 

C4475 

.50100 

.73731 

.04040 

45*4? 

18519 

.C4736 

.50000 

•  5-*2fc2 

.0-736 

5CCC0 

.993-1 

CO-20 

04431 

01-Jh-l 

.01753 

lo-’el 

.16-23 

04475 

50000 

.75608 

C3  >  1 1 

43*>90 

.19048 

.04736 

5000C 

60370 

.04736 

.5CCC0 

.99533 

.00363 

03^05 

.Oi£5j 

Oi  783 

. 1 av24 

.18483 

.  044*5 

5C03C 

.77484 

03-  *»4 

42057 

.19578 

.04736 

50000 

61  J?8 

-C  4736 

•5CCCC 

.99668 

.OC2t«T 

02986 

01636 

C’U3Q 

20-46 

.  1 bb-- 

04-75 

5CC00 

.79360 

O3-j*-0 

40;o? 

.20107 

.04736 

.50200 

.6^437 

.04736 

.50~Ov 

.996C3 

.00203 

02*39 

.01 “38 

.61884 

7*056 

.1  *2;« 

044/5 

.5CC00 

.81237 

OJ.I  J 

38132 

.20636 

.047 JG 

.50000 

.63495 

.04736 

5CCCC 

.99920 

.00397 

.01022 

<>185  5 

.01**  58 

21764 

1  ‘9»:6 

C-475 

503C0 

.82113 

C3205 

35815 

.21 185 

.04736 

.50000 

.64530 

.04736 

.60000 

1 .OOCCO 

O.COCOO 

0.00030 

.019*7 

.02021 

22583 

.i  r>26 

04,75 

.  5CC00 

.64989 

.02975 

33236 

*  L  -  Total  Hull  length 
**R  -  Maximum  Hull  Radius 


*  L  *  Tot&.  Hull  Length 
*R  *  Maximum  Hull  Radius 


TABLE  4  -  COMPUTED  GROSS  EFFECTIVE  WAKE  PARAMETERS  AND  MEASURED  TAYLOR'S  WAKE 
FRACTION  AT  VARIOUS  PROPULSION  CONDITIONS  IN  THE  FIVE  WAKES 


K1JV=OMO 


1^=0.782 


KyV=fc680 


KljV=0J«6 


Jy 

CTS 

«T 

11  tl 

8 

Q 

J-K. 

""■"•a; 

*C|o 

MEASURED 

CALCUI ATED 

CALCULATED 

MEASURED 

CALCULATED 

MEASURED 

CALCULATED 

uwTi 

hJN 

"Vot" 

US 

0.370 

0227 

0.920 

- 

00453 

0  919 

0013 

0  685 

0676 

0.672 

107 

0654 

0295 

0.920 

- 

00558 

0830 

0013 

0.695 

0  689 

0.683 

0.416 

3616 

0.246 

1.00 

00326 

0.500 

00145 

0  798 

0831 

0.834 

0  066 

0.965 

0.168 

1.00 

- 

00263 

<  0677 

00164 

0.777 

0804 

0808 

0.456 

3.02 

0247 

100 

- 

0  0328 

0.547 

00148 

0.722 

U  752 

0.752 

0.745 

0705 

0.107 

LOO 

- 

00266 

0  749 

0.0167 

0697 

0  725 

0  687 

U68 

0.356 

0  225 

0911 

0.0475 

0.0460 

0.870 

0  898 

00125 

0694 

0694 

0  694 

1.157 

0433 

0262 

0.911 

00520 

0  0513 

0.857 

0856 

00123 

0.704 

0  699 

0.698 

1.066 

0.676 

0  302 

0311 

00574 

0  0578 

0813 

0  808 

00122 

0.706 

0.704 

0.704 

1i30 

0360 

0236 

0883 

0.0490 

00465 

0871 

0918 

00125 

0  667 

0.642 

0.642 

1.174 

0.500 

0270 

0891 

00532 

0  0514 

0  847 

0.874 

00124 

0  681 

0655 

0649 

1.054 

0.706 

0.308 

0901 

0.0574 

0.0565 

0811 

0923 

00121 

0.685 

0661 

0.654 

659- 


0 


TABLE  6  -  COMPUTED  RESULTS  OF  PROPULSOR/WAKE  INTERACTION 


(a)  PROPULSOR  T  IN  WAKE  1 


WAKE  1 

C-rs  =  0270,  Jy  =  125 

Cts  =  0254,  Jy  =  127 

Rp 

V 

0l 

tan  ft 

G 

G 

V 

V 

w 

V 

m 

0211 

0213 

0288 

0.476 

0210 

02000 

0290 

0207 

0247 

025 

0254 

0.152 

0.498 

0.794 

02029 

0.161 

0229 

0.706 

02038 

020 

0296 

0214 

0221 

0.797 

02060 

0245 

0250 

0.733 

02078 

0.40 

0.470 

0288 

0261 

0.748 

0.0118 

0268 

0286 

0.719 

02158 

0.50 

0230 

0223 

0.595 

0.670 

02160 

0.427 

0216 

0257 

02222 

0.60 

0290 

0203 

0231 

0291 

02179 

0.425 

0248 

0284 

02257 

0.70 

0250 

0205 

0272 

0.518 

02172 

0221 

0283 

0211 

02258 

020 

0.710 

0299 

0.720 

0.452 

02140 

0.162 

0.727 

0.443 

02224 

0.762 

0254 

0.767 

0290 

0295 

0.770 

0277 

0.0153 

0.95 

0.786 

0239 

0.790 

C261 

02053 

0272 

0.792 

0245 

02103 

120 

0210 

0213 

0234 

02000 

0255 

0214 

0216 

BEiZiB 

125 

0234 

0223 

0236 

- 

02000 

0237 

0237 

- 

1.10 

0256 

0217 

0257 

- 

0227 

0258 

- 

02000 

120 

0300 

0210 

0200 

- 

02000 

0215 

02000 

(b)  PROPULSOR  J  IN  WAKE  A 


WAKE  A 

Cjs  =  0265,  Jy  =  0266 

Cts  =  322.  Jy  =  0.416 

U X 

% 

V 

•*» 

V 

V 

tan/3j 

G 

V 

«e 

V 

twift 

G 

0.182 

0228 

0200 

0269 

1.114 

0291 

0.739 

1.135 

02000 

0265 

0263 

0206 

02153 

0.751 

0.755 

0294 

0.0346 

0293 

0.434 

0.705 

0.772 

0.765 

0.753 

02464 

0.400 

0244 

0.484 

0.732 

0291 

02260 

1226 

0.783 

0267 

02584 

0200 

HUEimi 

0.480 

0.757 

0.481 

02284 

1251 

0.459 

02647 

0.735 

0.455 

0.783 

0.406 

02291 

1230 

0217 

0283 

02671 

i  0.700 

0.777 

0.422 

0249 

0282 

0234 

0225 

02660 

0216 

0262 

0234 

0225 

BkI 

0283 

0252 

0277 

02607 

0248 

0256 

0257 

0269 

02199 

0290 

0268 

0237 

0250 

0263 

0.193 

0269 

0253 

02147 

0225 

0261 

0224 

02374 

1200 

0276 

0.105 

0236 

0270 

0285 

3209 

1250 

0289 

0200 

0200 

- 

BEEZ3B 

IHEELiBl 

- 

HTmT^B 

1.100 

ISBiEuMSf 

0200 

- 

02000 

0200 

- 

1200 

0224 

— 

0200 

0200 

— 

TABLE  6  -  COMPUTED  RESULTS  OF  PROPULSOR/WAKE  INTERACTION 


Cjs  =  0.765,  Jv  =  0.745 


Cjs  =  3.02,  Jv  =  0.456 


G 

V 

05000 

0550 

05133 

0568 

05181 

0513 

05233 

0333 

0.0257 

0357 

05265 

0344 

0.0253 

0305 

05227 

0314 

05173 

0586 

05128 

0.427 

0252 

■rin 

05000 

0500 

(d)  PROPULSOR  T.IN  WAKE  C 


%  =  0356,  Jv  =  1-268 


Cjj  =  0.498,  Jy  =  1.157 


%  =  0576,  Jy  =  1.866 


0545 
0.844  05023 

0534  05051 

0.776 
0.696 
0514 
0535 
0.463  05140 

0396  05089 

0368 
0340 


0578  0526 

0.147  0545 

0225  0566 

0321  0504 

0378  0537 

0346 
0244  0598 

0.123  0.732 

0.770 
0.790 


TABLE  6  -  COMPUTED  RESULTS  OF  PROPULSOR/WAKE  INTERACTION 
(e)  PROPULSOR  T  IN  WAKE  D 


WAKED 


r 

IL 

Cts  =  0500,  Jy  =  1.174 

gm 

■BifiliiBi 

«p 

V 

V 

B 

t Nft 

G 

V 

B 

tanpi 

G 

h. 

V 

V 

on  ft-, 

G 

0211 

03N 

0071 

MU 

0501 

n 

00090 

0074 

0515 

0543 

Pi 

0250 

0300 

0.122 

0794 

~ 1 

0143 

0517 

0748 

00027 

0155 

0532 

mTm! 

0300 

0420 

01N 

0790 

00056 

0217 

0741 

■  J  •  ■ 

0244 

0549 

05N 

KDS 

0400 

(L4N 

0278 

0743 

(LOIN 

0320 

Ia7 \  ■ 

0717 

00128 

0274 

0574 

0591 

05154 

0500 

0516 

0330 

0575 

0870 

05155 

0387 

0507 

on 

0JI18S 

0.452 

0597 

0642 

wnm 

UN 

0567 

0283 

1^  ■ 

0593 

0355 

U15 

0504 

00217 

0.431 

9t  t  r*m 

0576 

niPM 

07M 

8j828 

0205 

0642 

0520 

00175 

0257 

0649 

0512 

00219 

M 

0554 

w. 

00276 

OHO 

0672 

0887 

mVAm 

U145 

0129 

0581 

0443 

051 N 

0173 

0591 

0435 

UN 

0722 

am 

0720 

0309 

00092 

0002 

0731 

0278 

0112 

0732 

0267 

05170 

on 

0745 

0046 

0748 

0300 

0062 

0752 

0348 

iTTTTJ 

0588 

0.752 

0236 

05115 

1J00 

0787 

0034 

0770 

0331 

(LOOM 

0047 

0771 

0318 

0564 

0.772 

Ib 

1J50 

0760 

am 

- 

OOOM 

|  ■ 

OOOO 

- 

if" 

m 

SffEIB 

E  ■ . 

1.100 

U11 

am 

ITjI 

- 

OOOM 

mnM 

- 

0580 

K:':JS 

H 

P 

H 

0840 

am 

■ 

— 

E3 

Ql 

OOM 

~  | 

SMOG 

Q 

1.118 


TABLE  7  -  MEASURED  AND  COMPUTED  VELOCITY  PROFILES  IMMEDIATELY  UPSTREAM  OF  PROPULSOR 
WITH  AND  WITHOUT  AN  OPERATING  PROPULSOR 


(a)  AT  X/Dp  =  -0.227,  PROPULSOR  T  IN  WAKE  1.  =  0.370.  Jv  =  1.2S 


MEASURED 

NOMINAL  VELOCITY* 

INPUT 

PROPELLER  TOTAL  VELOCITY 

r 

X 

V 

COMPUTED 

COMPUTES 

MEASURED 

r 

X 

V 

V 

u. 

V 

V 

V 

rP 

% 

UP 

V 

'p 

RP 

UP 

V 

0.262 

0.310 

-  0.033 

0.250 

0.324 

0.8300 

0.0091 

01500 

0.4411 

0.200 

0.400 

0.274 

0.334 

-  0.039 

0.380 

0.377 

0.8435 

0.0130 

0.2887 

0.4859 

0.358 

0.554 

0.214 

0.345 

-0.041 

0.350 

0.420 

0.0519 

0.0150 

01300 

0.5281 

0.424 

0.613 

0.294 

0.300 

-0.042 

0.480 

0.450 

0.0619 

6.0122 

0.3727 

0.5685 

8.499 

0.659 

0.314 

0.301 

-0.046 

0.450 

0.490 

0.0690 

0.0050 

0.4163 

0.6023 

0.574 

0.690 

0.334 

0.400 

-0.847 

0.500 

0.522 

6.0  757 

-0.0117 

0.4606 

0.6344 

0.634 

8.722 

0.304 

0.420 

-0.055 

0.550 

0.551 

0.0793 

-8  0100 

0.5056 

0.6620 

0.699 

8.745 

0.405 

0.459 

-0.855 

0.600 

0.503 

0.0000 

-  0.0201 

0.5512 

0.69C3 

0.769 

0.780 

0.435 

0.403 

-0.849 

0.650 

0.614 

0.0787 

-  0.0288 

0.5976 

0.7146 

0.036 

0.005 

0.417 

0.524 

-0.049 

0.780 

8.644 

0.0740 

-0.0356 

0.6447 

0.7360 

0.900 

0.825 

0.523 

0.545 

-0.045 

0.750 

0.675 

0.0603 

-0.0412 

0.6926 

0.7576 

0.903 

0.849 

0.510 

0.505 

-0.845 

0.000 

9.704 

0.0619 

-0.0456 

0.7412 

0.7773 

1.065 

8.880 

0.649 

0.620 

-0.044 

8.850 

0.732 

0.0552 

-  0.0470 

0.7903 

0.7962 

1.166 

9.912 

0.720 

0.661 

-0.040 

0.900 

0.758 

0.0406 

-0.0407 

0.0400 

0.8136 

1.322 

8.951 

0.702 

0.701 

-  0.036 

0.950 

0.783 

0.0428 

-0.0405 

0.0901 

0.8305 

1.510 

8.973 

0.000 

0.742 

-  0.033 

1.000 

0.007 

0.0362 

-0.0472 

0.9406 

0.8474 

0.954 

0.790 

-  0.035 

1.050 

0.038 

0.0300 

-0.0455 

0.9914 

0.8640 

1.030 

0.027 

-  0.033 

1.100 

0.052 

0.0263 

-0.8433 

1.0423 

0.8907 

1.157 

0.600 

-  0.030 

1.200 

0.096 

6.0192 

-0.0305 

1.1446 

01184 

1.270 

0.915 

-  0.020 

1.300 

0.925 

0.0141 

-  0.0339 

11472 

01398 

1.391 

0.947 

-  8.029 

1.500 

0.960 

0.0003 

-8.0258 

1.4521 

0.9685 

1.514 

0.960 

-  0.025 

2.000 

1.000 

0.0026 

-  0.0154 

1.625 

0.970 

-  0.020 

(bl  AT  X/Dp  =  -0.227,  PROPULSOR  T  IN  WAKE  1,  CTS  =  0.654.  Jv  =  1.07 


0.262 

0.318 

-  0.033 

9.250 

0.324 

8.8652 

0.0195 

02500 

0.5025 

0.280 

9.554 

0.274 

0.334 

-  0.032 

9.380 

0.377 

8.8740 

8.9230 

02844 

0.5475 

9.334 

8.611 

0.204 

0.345 

-0.041 

0.350 

0.420 

0.0009 

0.0231 

0.3219 

0.5917 

9.391 

0.656 

0.294 

0.360 

-0.042 

0.400 

0.450 

0.1827 

8.0178 

02613 

0.6327 

8.468 

9.796 

0.314 

0.381 

-0.046 

0.450 

0.490 

0.1143 

8.0979 

0.4019 

0.6677 

9.529 

0.751 

0.334 

0.400 

-0.047 

0.500 

0.522 

0.1220 

-  0.0049 

0.4435 

0.6999 

9.612 

9.787 

0.364 

0.420 

-0.055 

0.550 

0.551 

0.1202 

-  0.0187 

0.4060 

0.7271 

9.695 

0.018 

0.405 

0.459 

-0.055 

0.600 

0.503 

0.1290 

-  6.0326 

0.5294 

0.7524 

6.772 

0.837 

0.435 

0.483 

-0.049 

0.650 

0.614 

0.1260 

-  0.0465 

0.5738 

0.7737 

0.051 

0.053 

0.487 

0.524 

-0.049 

0.700 

0.644 

0.1191 

-  0.0574 

0.6193 

0.7909 

9.923 

9.879 

0.528 

0.545 

-0.045 

0.750 

0.675 

0.1107 

-  0.0664 

0.6659 

0.8081 

1.925 

0.090 

0.580 

0.505 

-0.045 

0.800 

0.704 

0.1018 

-  0.0734 

0.7134 

0.8229 

1.145 

8.924 

0.649 

0.620 

-0.044 

0.850 

0.732 

0.0903 

-  0.8772 

0.7618 

0.8364 

1.310 

9.955 

0.720 

0.661 

-0.040 

0.900 

0.758 

0.0795 

-  0.0708 

0.8110 

0.8486 

1.481 

8.973 

0.782 

0.701 

-0.036 

0.950 

0.783 

0.8609 

-  8.8709 

0.8609 

01606 

0.860 

0.742 

-  0.033 

1.000 

0.807 

0.0500 

-0.0773 

0.9113 

0.8725 

0.954 

0.790 

-  0.035 

1.050 

0.830 

8.0505 

-  8.8746 

0.9623 

02856 

1.036 

0.027 

-  0.033 

1.180 

0.052 

0.0430 

-8.0711 

1.0136 

0.0988 

1.157 

0.000 

-0.030 

1.200 

9.096 

0.0311 

-  0.0631 

1.1168 

01290 

1.270 

0.915 

-  0.028 

1.300 

9.925 

0.0227 

-  0.0552 

1.2206 

01487 

1.391 

0.947 

-  0.029 

1.500 

0.960 

0.0131 

-0.0421 

1.4279 

01735 

1  514 

0.960 

-0.025 

2.000 

1.880 

0.0043 

-9.0253 

1.625 

0.970 

-  0.020 

‘(  ).  MEASURED  ALONG  HORIZONTAL  PUNE 
OTHERWISE,  MEASURED  ALONG  VERTICAL  PLANE 


•664- 


TACUE7  -  MEASURED  AND  COMPUTED  VELOCITY  PROFILES  IMMEDIATELY  UPSTREAM  OF  PROPULSOR 
WITH  AND  WITHOUT  AN  OPERATING  PROPULSOR  (Continued) 


(cl  AT  X/ Dp  =  -0.336,  PROPULSOR  J  IN  WAKE  A,  Cjs  =  0.965,  Jv  =  0.666 


TABLE 7  -  MEASURED  AND  COMPUTED  VELOCITY  PROFILES  IMMEDIATELY  UPSTREAM  OF  PROPULSOR 
WITH  AND  WITHOUT  AN  OPERATING  PROPULSOR  (Continued) 


(e)  AT  X/ Dp  =  -0.48S.  PROPULSOR  J  IN  WAKE  A.  CTS  =  3.62,  Jy  =  0.416 


If)  AT  X/D-  =  -0.336.  PROPULSOR  J  IN  WAKE  B.  CTS  =  0.765.  Jy 


TABLE 7  -  MEASURED  AND  COMPUTED  VELOCITY  PROFILES  IMMEDIATELY  UPSTREAM  OF  PROPULSOR 
WITH  AND  WITHOUT  AN  OPERATING  PROPULSOR  (Continued) 


(gl  AT  %t Dp  =  -0336,  PROPULSOR  J  IN  WAKE  B,  CTS  =  3.02.  Jv  =  0.456 


MEASURED 
NOMINAL  VELOCITY 


COMPUTED 


PROPELLER  TOTAL  VELOCITY 


COMPUTED 


MEASURED 


MM  asm 
MU 
t  ratt.no 
I.7JI 
Ma  turn 
8.172 
tjii  ami 
a. s<7 
M6S 
1.872 
MSI 
Mil 


Bfli 

0.M6D 

miss 

8.1317 

831775 

1#** 

0.1117 

8.8634 

0.1554 

0J781 

0.1551 

82736 

8.23*8 

02062 

8.2776 

8.1955 

8.3113 

92021 

0.3687 

02077 

8.4121 

02152 

8.4453 

82192 

0.4114 

02213 

0.5321 

02222 

I.57S3 

02233 

8.6210 

82245 

0.6664 

E223I 

8.7124 

82230 

8.7580 

02246 

8.1863 

0223* 

8.1543 

02238 

03578 

02216 

1.8511 

82356 

1.1532 

02436 

1.3558 

02645 

1.5678 

82513 

1.8713 

1.0112 

N  WAKE  C.  <^5  =  0. 

8  2*4 

0.472 

0253 

0214 

0.336 

0263 

0230 

0200 

8.425 

8237 

8.471 

0.663 

0216 

0255 

0262 

0.720 

0.615 

0.740 

8.656 

0.757 

0.784 

0.773 

1.753 

0.703 

0.101 

0.805 

8J51 

0219 

8.501 

0233 

0.851 

0248 

1.881 

0264 

1.051 

0.600 

1.153 

0228  ! 

(1204) 

(- 1203) 

(0.086) 

(-0.122) 

:jsj  a.sw) 

-•  ItS  l-t.JJJJ 

0.903 

-0283 

1411  9471) 

•uii  i-nai 

1210 

-1265 

0.981 

-1252 

0201 

-0247 

0200 

- 124* 

D.93! 

-8230 

j 

i 

13768 

TABLE 7  -  MEASURED  AND  COMPUTED  VELOCITY  PROFILES  IMMEDIATELY  UPSTREAM  OF  PROPULSOR 
WITH  AND  WITHOUT  AN  OPERATING  PROPULSOR  IContinued) 
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Discussion 


G  Dyne  tSSPA) 


Hay  I  first  congratulate  the  authors 
on  another  fine  and  well  documented  paper 
on  the  important  subject:  propeller-wake 
interaction. 

My  comments  are  concentrated  to  the 
following  two  sentences  in  Section  2.2  of 
the  paper: 

"In  principle  the  nominal  velocities 
are  known  from  the  innermost  radius  of  the 

propulsor  to  a  radial  position _  large 

enough  for  the  propulsor  induced  velocities 
uA  to  be  zero.  The  value  of  the  effective 
velocity  at  this  point  is  equal  to  the 
nominal  velocity. " 

I  agree  with  this  wording  only  if  it 
means  that  the  effective  wake  at  this  radi¬ 
us  is  the  same  as  the  corresponding  nominal 
wake  at  a  larger  radius,  the  difference  in 
radius  being  caused  by  the  contraction  of 
the  flow  field.  Some  results  presented  in 
the  paper  indicate,  however,  that  the  au¬ 
thors  have  not  used  this  assumption, 

The  nominal  wake,  1,  is  transformed 
into  the  effective  wake  by  the  action  of 
the  propeller  as  illustrated  in  Fig.l  when 
CTS  =  0.654.  As  seen  there  are  two  ef¬ 
fects:  a  decrease  in  local  wake  along  each 
stream  annulus  and  a  shift  in  streamline 
position  caused  by  the  contraction.  The 
first  of  these  effects  is  most  pronounced 
close  to  the  hub,  the  second  one  being 
more  important  at  the  outer  radii.  Due  to 
the  contraction  the  effective  wake  at  the 
propeller  tips,  -alculated  by  a  method 
developed  at  SS?A,  is  lower  than  the  ncmi- 
nal  wake  at  the  same  radius  but  almost  the 
same  as  the  nominal  wake  at  the  correspond¬ 
ing  stream  annulus  which  has  a  larger  radi¬ 
us.  A  similar  result  was  given  by  Dr. 

Huang  in  121].  In  the  present  paper,  how¬ 
ever,  there  is  almost  no  difference  between 
the  effective  and  nominal  wake  figures  at 
the  propeller  tips.  Since  the  contraction 
is  significant  in  the  example  given,  this 
must  mean  that  the  effective  wake  is  larger 
than  the  nominal  wake  at  the  corresponding 
stream  annulus  at  the  propeller  tips  but 
lower  at  the  inner  radii.  Since  I  cannot 
understand  why  it  can  be  so,  I  would  like 
to  have  the  authors'  explanation. 

It  is  true  that  the  procedure  used  in 
the  paper  gives  a  better  agreement  between 
the  volumetric  mean  effective  wake  and  the 
Taylor  wake,  but  in  tny  opinion  the  reason 
for  these  discrepancies  is  instead  that 
no  regard  is  paid  to  the  displacement  or 
potential  wake.  The  authors  have  shown 
that  the  existence  of  a  displacement  wake 
has  very  little  infuence  upon  the  effective 
wake.  When  doing  so  they  have,  however, 
ignored  the  fact  that  the  propeller  due  to 


the  limited  axial  extension  of  the  dis¬ 
placement  wake  is  working  in  an  accelerat¬ 
ing  flow  which  may  influence  tne  propeller 
induced  velocities.  If  these  velocities 
are  decreased  by  the  flow  acceleration  the 
Taylor  wake  will  be  too  high  and  if  no 
regard  is  paid  to  this  effect  the  calcula¬ 
ted  effective  mean  wake  will  be  too  low. 

A  detailed  study  of  the  influence  of  the 
displacement  wake  on  the  effective  wake  is 
at  present  going  on  at  SSPA. 


- —  —  Huong  Tokyo 


- ..  Huong  Oslo  £21  j  (guessed) 


Effective 


a  o-3  tu  as  a*  ij>  i-2  u  ^ 


Fig.  1  Different  effective  wake  assumptions 
Wake  1  :  CTS  =  0.654 


T.  Nagansatsu  ««•'. 


Recently,  great  interest  is  focussed 
on  the  effective  wake  distribution  which 
should  be  used  to  design  a  wake-adapted  pro¬ 
peller  and  to  estimate  the  propeller  vibra¬ 
tory  forces  precisely.  The  authors  should 
be  commended  for  their  efforts  in  this  im¬ 
portant  field  of  ship  hydrodynamics. 

In  the  present  paper,  the  authors  pre¬ 
sented  an  improved  method  for  predicting 
the  effective  wake  flow  and  examined  the 


applicability  of  the  method  by  comparing 
the  predicted  results  with  the  experimental 
ones. 

Mr.  Tokunaga  and  1  also  made  a  study 
on  the  prediction  of  the  effective  wake 
flov.  for  an  axisymmetric  wake.  The  volume- 
mean  effective  velocity  ratios  predicted 
by  our  method  for  wake  A  and  3  agree  well 
with  those  by  the  authors'  method.  We  are 
encouraged  by  this  result. 

In  our  prediction  method  we  did  not 
take  into  account  the  effect  of  propeller 
action  on  the  behavior  of  the  boundary  layer 
in  front  of  the  propeller.  This  is  the  same 
to  the  authors*  method. 

In  order  to  avoid  this  effect,  there¬ 
fore,  our  experiments  were  made  under  the 
condition  that  the  propeller  was  arranged 
at  the  position  far  downstream  of  the  body. 
The  prediciton  method  was  examined  to  com¬ 
pare  with  the  experiment. 

On  the  other  hand,  the  propeller  was 
located  at  stern  of  the  body  in  the  authors  * 
experiments.  The  predicted  results,  how¬ 
ever,  agree  well  with  the  experimental  ones. 

It  would  be  grateful  if  you  could  show 
us  your  view  on  the  influence  of  propeller 
on  the  development  of  viscous  boundary  layer 
near  the  stern. 


W.  van  Gent  (NSMfl; 

I  highly  appreciate  this  paper  in 
which  a  nice  correlation  between  theory 
and  experiment  is  shown  for  the  very  im¬ 
portant  propeller-wake  interaction  problem. 
It  seems  that  the  correlation  close  to  the 
propeller  is  better  than  further  upstream 
if  you  compare  Figs. 5, 6  with  the  other  Figs. 
A  reason  can  be  that  the  theoretical  models 
for  the  propeller  and  for  the  wake  are  not 
consistently  developed.  This  can  be  seen 
as  follows: 

(1)  The  authors  start  with  the  exact 
solution  of  the  equation  of  motion  eos/r  = 
conserved  along  the  streamannulus  without 
swirl. 

(2)  The  total  flow  is  composed  of 

nominal  flow  +  propulsor  induction  + 

interaction, 

which  means  axially,  that  total  =  u};  +  ua  + 
(ue  -  ux)  and  also  radially  :  total  =  vr  + 

vpr  +  vinteraction* 

(3)  The  authors  give  satisfactory 
reasons  for  their  assumption  to  neglect 
the  nominal  part  vr  and  their  assumption 
that  the  propulsor  induced  part  vpr  belongs 
to  an  irrotational  field.  However,  they 
disregard  without  notice  the  radial  part 

of  the  interaction  field.  This  assurption 
is  only  valid  far  downstream  where  all 
radial  velocities  vanish,  but  there  the 
exact  solution,  see  item  1,  is  no  longer 
valid  as  behind  the  propeller  the  flow  has 
swirl .  This  means  in  fact  that  the  au-  “ 
thors'  assumption  only  is  valid  when  the 
equation  of  motion  is  linearized,  but  this 
has  to  be  done  in  a  consistent  way. 

{4}  At  the  Netherlands  Ship  Model 


Basin  we  derived  the  linearized  set  of 
equations  for  the  present  case  and  it  turns 
out  that  the  interaction  velocity  field  is 
very  similar  to  the  propulsor  induced  ve¬ 
locity  field  for  lightly  and  moderately 
loaded  propellers.  Numerical  results  come 
very  close  to  those  of  the  authors. 

(5)  A  conclusion  from  the  linearized 
model  is  that  the  radial  velocity  of  the 
interaction  is  symmetric  with  respect  to 
the  propeller  plane.  Then  the  implied 
assumption  of  the  authors,  viz  S>vr/3x  =  0, 
is  also  valid  there.  This  may  explain  why 
the  results  shewn  by  the  authors  have  good 
agreement  between  theory  and  experiment 
close  to  the  propeller  but  not  further 
upstream. 

(6)  Finally  I  like  to  emphasize  that, 
in  the  study  of  propeller -wake  interaction, 
it  is  important  to  use  uniformly  valid 
assumptions  for  the  propeller  induced  flow 
and  for  the  wake  flow. 


I.  Tanaka  fOso‘a  Uruv ) 


I  think  the  authors  show  a  very  inter¬ 
esting  idea  in  Eqs. (6)  and  (7)  and  they 
are  very  much  congratulated. 

I  would  like  to  ask  the  authors  about 
one  thing  on  the  assumtions  made.  They 
assumed  no  change  of  viscous  losses  due  to 
propulsor  induction  effects,  i.e.,  the  to¬ 
tal  pressure  head  within  a  given  stream 
annulus  upstream  of  the  propulsor  remains 
constant  with  and  without  the  propulsor. 

In  one  sense  this  seems  to  be  a  good,  obvi¬ 
ous  approximation.  But,  in  another  sense, 

I  would  like  to  know  how  good  it  is.  Ap¬ 
parently  the  authors’  method  seems  to  be 
applicable  to  the  cases  including  thick 
boundary  layer  ones.  In  such  cases,  how¬ 
ever,  the  deviation  of  streamlines  with 
and  without  the  propulsor  may  be  apprecia¬ 
ble.  Change  in  thicknesses  of  boundary 
layers  for  these  two  cases  is  also  large. 
Therefore  the  nature  of  viscous  loss  due  to 
Reynolds  stress  etc.  might  be  considerably 
different  between  the  two  cases  with  and 
without  propulsors.  So,  it  is  very  nice 
thing  to  have  either  experimental  evidence 
by  measuring  pressure  distribution  or  the¬ 
oretical  consideration  of  tl. '  magnitude  of 
the  error.  If  the  authors  show  them  to  us, 
I  am  extremely  happy. 


M.  Abe  S5£J 


It  would  be  much  appreciated  that  the 
authors  have  carried  out  che  very  fine  cal¬ 
culations  and  experiments  in  detail.  Es¬ 
pecially  I  have  much  interests  in  the  ve¬ 
locity  measurements  in  front  of  a  propulsor. 

In  practical  point  of  view  to  obtain 
the  effective  wake  at  a  ship  stern,  the 
velocity  measurement  in  a  propeller  operat- 


-67)  - 


. . . . . . . . . . . . 


ing  should  be  required  in  my  opinion,  be¬ 
cause  the  nominal  wane  calculated  and/or 
measured  can  not  be  fairly  correlated  with 
tne  effective  wake  in  special  cases  of 
hulls  with  wider  beam  and  smaller  draft, 
namely,  RO/RO,  LUG  and  car  carriers  etc.. 

The  emphasis  should  be  made  that  the 
nominal  wake  shown  in  the  figure  could  not 
give  good  informations  concerning  cavita¬ 
tion,  vibration  as  well  as  the  performance 
of  propeller  itself.  In  this  re  ’'ct,  I 
keenly  desire  to  calculate  and  measure  the 
effective  wake  directly  and  I  hope  that 
the  authors  would  measure  the  effective 
wake  with  the  mentioned  ship  hull  both  in 
model  and  in  full  scale. 


Author’s  Reply 


T  T,  Huang  tOT.vSPDC) 


the  propeller  and  an  additional  force  of 
Ipu^tr)  +  ?0(r)]dr  -lfu*(rp)  +  P0<rp>!erp 

must  be  expended  by  the  propeller  to  cause 
the  necessary  contraction  of  nominal  flow 
from  r  to  rp.  It  is  important  to  note  that 
the  definition  of  the  effective  velocity 
used  not  only  gives  a  better  agreement  bet¬ 
ween  the  computed  volumetric  mean  effective 
wake  and  the  measured  Taylor  wake,  but  is 
also  derived  from  the  theoretical  basis  of 
conserving  energy  between  the  total  flow 
with  the  propeller  in  operation  and  the  no¬ 
minal  flow  without  the  propeller. 

On  Mr.  Kagamatsu’s  question  of  the  in¬ 
fluence  of  the  propeller  on  the  development 
of  the  viscous  boundary  layer  near  the 
stern,  the  infuence  of  the  propeller  was 
found  to  be  limited  to  only  two  propeller 
diameters  upstream  of  the  propeller.  Addi¬ 
tionally  the  inviscid  interaction  of  the 
flow  by  the  propeller  was  found  experimenta¬ 
lly1  to  be  dominant  in  this  region.  The 
change  in  the  nominal  boundary-layer  devel¬ 
opment  in  this  region  can  be  represented  by 
the  new  boundary-layer  thickness  parameter 
6p  which  can  be  estimated  to  be 


The  authors  wish  to  thank  their  inter¬ 
national  colleagues  of  propeller/wake  inter¬ 
action  research  for  submitting  many  valuable 
discussions. 

In  response  to  Dr.  Dyne's  question  re¬ 
garding  the  definition  of  effective  velocity, 
we  have  used  the  following  definition  in 
this  paper 

Vr)  =  UP  (V  "  Ua  ' 

where  the  total  energy  is  conserved  for  the 
nominal  flow  at  point  r  and  for  the  total 
flow  with  the  propeller  in  operation  at 
point  r0,  e.g., 

4ful{r)  +  p  (r)  =  4fui'0  +  p_(r  ). 

Z  J  s  O  2  J  p  p  *pp 

The  net  change  of  momentum  in  the  two  flows 

is  [fir  (r  )  +  P„(r  )ldr  -  IfuMr]  +  p  (r))dr 

However,  the  effective  velocity  is  not  de¬ 
fined  by 

u  (r  )  =  u  (r  )  -  u  , 
e  p  p  p  a 

because  the  total  energy  of  the  nominal  flow 
at  point  rD  is  less  than  that  of  the  total 
flow  with  the  propeller  in  operation  at  the 
same  point  r  .  Therefore,  ar.  additional 
energy  of 


!f  fux<r)  +  po(r)  -  2  Pux,rp!  ~  Po(rp,] 
must  be  added  to  the  nominal  flow  at  r.  by 

D 


a  2D  -  — 

if '«  *0.37  I  ^ 


0.092  for  =  107*  -2-  =  , 

*  2D-  1 

0.037  for  1^  =  10?*  =  ^  . 


Hence,  the  influence  of  the  propeller  on 
the  development  of  the  viscous  boundary 
layer  near  the  stern  is  limited  to  the 
inner-most  radii  of  the  flow  and  is  of  sec¬ 
ondary  importance.  Furthermore,  the  invis¬ 
cid  effect  of  the  propeller  is  found  to 
vary  with  the  propeller  radius.  This  varia¬ 
tion,  which  is  properly  modeled  by  the  pre¬ 
sent  theory,  is  not  easily  modeled  by  the 
normal  boundary  layer  computation  method 
without  allowing  for  pressure  variations 
across  the  thick  boundary  layer. 

The  authors  are  very  pleased  to  learn 
from  Dr.  van  Gent  that  the  radial  velocity 
of  the  propeller /wake  interaction  is  sym¬ 
metric  with  respect  to  the  propeller  plane. 
Therefore,  the  author's  unstated  assumption 
that  the  interaction  of  the  radial  velocity 
is  small  and  can  be  neglected,  is  valid  at 
the  propeller  plane.  Dr.  van  Gent  questions 
the  validity  of  this  assumption  further  up¬ 
stream  from  the  propeller.  The  propeller- 
induced  radial  velocity  decreases  very 
rapidly  with  distance  from  the  propeller, 
and  the  radial  velocity  interaction  can 
reasonably  be  neglected.  The  authors  agree 
to  use  uniformly  valid  assumptions  for  the 
propeller /wake  interaction  whenever  possi¬ 
ble.  It  remains  a  challenge  for  us  to 
achieve  this  common  goal. 

The  authors  appreciate  the  concern  of 


Professor  Tanaka  regarding  the  equality  of 
the  total  energy  without  the  propellers, 

H0<r)  =  j  fu’(r)  +  pQ (r)  and  with  the  pro¬ 
peller,  Hp(rp)  =  |j>u^rp)  +  Pp(rp).  Our 

preliminary  measurements  at  x  =  -0.5  R  of 
Afterbody  1  indicated  that  the  values  Mof 
Hp(rp)  -  H0(r)j/H0(r)  are  less  than  2%, 
which  are  about  the  overall  accuracy  of  the 
measurements  of  H. 


Mr.  Abe  clearly  shows  us  the  difference 
between  the  nominal  wake  and  effective  wake 
for  practical  ships.  However,  the  propeller 
induced  velocities  must  be  subtracted  from 
the  velocities  measured  in  front  of  a  pro¬ 
peller  to  ob'  tin  a  correct  effective  velo¬ 
city  distribution.  The  present  axisymmetric 
theory  has  not  been  examined  fully  for  the 
possible  applications  to  the  ship  hulls  you 
mentioned.  We  will  share  our  experience 
with  you  whenever  we  have  reached  a  sound 
conclusion. 
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ABSTRACT 

A  system  for  reduction  of  bilge  vor¬ 
tex  formation  is  studied  experimentally. 

In  this  system  comparatively  small  amounts 
cf  air  are  discharged  into  the  boundary 
layer.  Air  bubbles  turn  the  direction  of 
the  surface  fiow  in  stern  and  reduce  the 
streamline  convergence  and  separation  near 
the  oilge.  Systematic  model  rests  with  a 
full  tanker  form  were  carried  out  in  order 
to  determine  the  effect  of  air  discharging 
on  the  wake  pattern,  resistance  and  pro¬ 
pulsion.  Five  different  air  discharge 
hole  configurations  are  studied.  Results 
of  the  tests  indicate  favourable  changes 
in  wake  pattern  with  small  and  medium  air 
flow  rate  in  the  case  of  two  air  discharge 
hole  configurations.  In  general  high  lo¬ 
cal  wake  values  are  decreased  and  the 
widths  of  wake  peaks  are  larger  than  in 
the  original  distribution  without  air. 

NOMEMCLAT’JRE 

=  propeller  thrust  coefficient 

Kq  »  propeller  torque  coefficient 

L  =  length  of  ship 

1  =  length  of  air  discharge  hole 

region 

n  =  propeller  revolutions  per 
second 

p„  =  air  pressure 

R  =  model  resistance 
m 

R  =  propeller  radius 
=  water  speed 
=  air  flow  rate 


V_  =  model  speed 
m  1 

=  axial  velocity  in  propeller  plane 

V  =  velocity  vector  on  propeller 
disc  plane 

wT  =  local  wake  factor 
w  =  mean  wake  factor 
nD  =  propulsion  efficiency 
U  =  dynamic  viscosity 
v  =  kinematic  viscosity 
PL  =  water  density 

=  angle  co-ordinate  in  propeller 
plane 


1.  INTRODUCTION 

Although  the  phenomenon  of  propeller 
excited  vibration  has  been  experienced  from 
the  very  early  stages,  of  machinery  driven 
ships,  it  is  during  the  last  twenty  years 
that  the  problem  has  grown  to  form  one  of 
the  most  important  design  considerations. 

t.'on-uniformity  of  the  flow  into  the 
propeller  especially  in  cavitating  condi¬ 
tions  is  one  of  the  main  causes  of  propel¬ 
ler  excited  vibrations.  U-frames  with  a 
modified  bulb  are  commonly  used  in  the 
sterns  of  full  ships.  This  gives  gently 
sloping  wake  peak  in  the  upper  part  of  the 
propeller  disc.  If  the  stern  form  below 
the  propeller  shaft  is  made  gently  sloping 
also  in  the  lower  part  of  the  disc  a  good 
wake  distribution  is  attained.  However, 
there  exist  more  or  less  pronounced  bilge 
vortices.  If  these  vortices  become  too 
strong,  they  may  cause  trouble  in  the  form 
of  vibratory  forces  and  cavitation  and 
increase  the  resistance  of  the  hull. 
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The  theoretical  calculation  methods  of 
turbulent  three-dimensional  boundary  layers 
have  advanced  significantly.  There  are 
still,  however,  great  difficulties  in  ob¬ 
taining  the  flow  pattern  on  a  ship  stern 
theoretically,  especially  when  separation 
is  present.  Separation  is  an  unsteady 
phenomenon  and  even  small  changes  in  condi¬ 
tions  can  have  an  effect  on  the  separation. 
At  the  present  time  therefore,  the  quality 
of  velocity  distribution  in  the  stern  is 
studied  at  the  design  stage  by  wake  surveys 
with  a  model  and  results  are  scaled  to 
ship  scale  with  known  methods.  If  the  new 
hull  design  indicates  an  unfavourable  wake 
distribution,  the  afterbody  shape  is  mod¬ 
ified  until  an  acceptable  wake  distribution 
is  obtained.  In  a  number  of  cases  where  an 
inhomogeneous  wake  field  caused  serious 
vibration  problems,  the  situation  was  im¬ 
proved  by  fitting  afterbody  fins  or  tun¬ 
nels.  These  modifications  have  nearly  al¬ 
ways  been  carried  out  after  the  ship  was 
in  service  and  vibration  troubles  had  been 
found.  If  the  fins  are  fitted  above  the 
propeller  they  in  qeneral  equalize  the  flow 
field  in  the  upper  part  of  the  disc  but 
they  do  not  reduce  the  development  of  bilge 
vortices . 

As  yet  no  efficient  metnods  have  been 
developed  to  reduce  the  formation  of  bilge 
vortices  and  full  ship  forms  are  continu¬ 
ously  used.  The  present  paper  introduces 
a  method  for  the  reduction  of  bilqe 
vortices.  The  main  idea  is  to  turn  the 
downward  component  of  the  cross  flow  by 
air  bubbles  and  in  this  way  to  control 
vortex  sheet  separation. 

2.  THE  FLOW  NEAR  THE  STERN  OF  FULL  SHIPS 

Recent  theoretical  and  experimental 
research  on  viscous  flow  of  ship-like 
forms  has  helped  us  to  understand  and  ex¬ 
plain  the  flow  near  the  stern  of  full  ship 
forms.  The  nature  of  the  flow  in  the 
boundary  layer  has  been  studied  and  one 
important  finding  is  the  existence  of  a 
heavy  cross  flow  in  the  stern  region.  The 
surface  streamlines  of  normal  full  ship 
forms  in  stern  ahead  propeller  generally 
turn  down  and  converge  in  the  upper  part 
of  the  bilge.  This  convergence  of  stream¬ 
line?  may  result  in  a  vortex  sheet  separ¬ 
ation  as  was  described  by  van  Berlekom 

Ill. 

This  pair  of  bilge  vortices  rotates 
the  water  so  that  decelerated  water  par¬ 
ticles  near  the  ship  hull  move  out  and 
water  with  higher  axial  velocity  from  the 
outer  parts  of  the  boundary  layer  takes 
their  place.  Thus  strong  bilge  vortices 
will  also  be  seen  in  axial  wake  velocity 
distribution  in  the  form  of  a  pair  of 
additional  wake  peaks  in  model  scale  in 
the  outer  part  of  the  propeller  disc. 

The  downward  component  of  the  surface 
flow  ahead  of  the  propeller  is  the  primary 
cause  of  the  bilge  vortices.  Soma  at¬ 
tempts  have  been  made  to  fit  horizontal 
fins  ahead  of  the  propeller  approximately 


at  the  height  of  the  propeller  shaft  in  or¬ 
der  to  prevent  this  vortex  formation. 

These  fins  prevent  the  downward  cross  flow 
and  according  to  model  tests  vortex  forma¬ 
tion  is  reduced.  The  additional  resistance 
of  these  fins  is  considerable  and  they  are 
not  applied  in  general.  Possibly  the  bilge 
vortex  formation  can  be  prevented  in  the 
future  by  shaping  the  stern  form  on  the 
basis  of  an  exact  theoretical  solution  of 
the  problem.  Within  the  current  'state  of 
the  art'  it  is  not  possible. 

3.  THE  REDUCTION  OF  BILGE  VORTEX  FORMATION 
BY  DISCHARGE  OF  AIR 

If  air  is  discharged  through  the  shell 
into  the  water,  it  will  disintegrate  into 
bubbles,  which  under  the  action  of  gravity 
rise  along  the  ship  hull.  Rising  air 
bubbles  increase  the  upward  momentum  of  the 
surrounding  water  near  the  ship  hull.  It 
air  amounts  are  large,  this  phenomenon  can 
be  used  to  pump  water  between  the  shell  and 
ice  and  reduce  the  resistance  of  ships  in 
severe  ice  conditions  12 J  or  even  for  the 
propulsion  of  vessels  [ 3  j . 

If  air  amounts  are  small,  the  effect 
of  air  bubbles  is  limited  inside  the  bound¬ 
ary  layer.  If  water  in  the  boundary  layer 
previously  had  a  horizontal  or  downward 
direction,  the  upward  velocity  due  to  tne 
action  of  air  bubbles  will  turn  the  direc¬ 
tion  of  the  flow  near  the  ship  hull. 

In  normal  full  ship  forms,  surface 
velocity  ahead  of  propeller  is  inclined 
downward.  The  convergence  of  streamline? 
and  bilge  vortex  separation  result.  If 
small  amounts  of  air  are  discharged  into 
the  water,  the  direction  of  the  surface 
flow  will  be  changed.  This  method  has 
been  experimentally  studied  in  the  Ship 
Hydrodynamics  Laboratory  of  Helsinki 
University  of  Technology.  Preliminary  re¬ 
sults  were  reported  in  14].  The  outcome  of 
systematic  tests  is  reported  in  this  paper. 

4  .  TEST  CONDITIONS  AND  MEASURING  TECHNIQUE 

Model  tests  were  made  in  the  130  m  x 
11  m  x  5.5  m  towing  tank  of  Helsinki 
University  of  Technology.  The  model  used 
in  the  experiments  was  a  1:37.5  scale 
model  of  a  115  000  tdw  tanker. 

Ship  and  model  particulars  are  pre¬ 
sented  in  Table  1  and  afterbody  sections 
in  Fig.  1. 

After  preliminary  tests,  three  basic 
air  discharge  hole  configurations  I,  II 
and  III  were  used,  each  having  the  same 
longitudinal  location  of  holes  but  differ¬ 
ent  heights.  Later  two  modification  IIIA 
and  IIIB  of  hole  configuration  III  were 
tested.  All  tested  air  discharge  hole 
configurations  are  presented  in  Fig.  2. 

Air  was  supplied  front  a  small  com¬ 
pressor  through  a  pressure  balancing  tank 
to  the  holes.  Before  testing,  the  amount 
of  air  blown  out  from  each  hole  was  vis¬ 
ually  checked  by  means  of  an  underwater 
tv-camera  and  individual  hoses  were 
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throttled  with  clamps  until  the  out¬ 
flowing  air  was  equally  distributed.  All 
tests  were  run  with  a  model  speed  of  1.4 
m/s  corresponding  to  8.57  m/s  full  scale. 
Air  flow  rate  was  varied  during  tests  from 
0  to  0.001  m3/s.  Air  flow  was  measured 
with  a  turbine-type  flow-meter  and  air 
pressure  and  temperature  were  measured 
with  electronic  transducers. 

Wake  surveys  were  made  with  the  five- 
hole  pitot  tube  device  of  the  laboratory 
presented  in  [5].  All  measured  signals 
were  electronically  registered  and  handled 
with  the  on-line  computer  located  in  the 
carriage. 

For  flow  visualisation  tests  tufts 
were  fixed  on  the  surface  of  the  after 
part  of  the  model.  Observations  were  made 
with  underwater  photography  and  video  tape 
recorder. 


MODEL  M-10 
STERN  SECTIONS 


Fig.  1  Afterbody  Sections  of  Tested 
Tanker  Form 


TABLE  1  Principal  Particulars  of 
Ship  and  Model 


TABLE  2  Test  Programme 


Fig.  2  Tested  Configurations  of  the  Air 
Discharge  Holes  in  the  Stern  of 
the  Model 


5,  RESULTS 


5,1  Resistance 


Results  of  the  resistance  tests  are 
presented  in  Table  3  for  air  discharge  hole 
configurations  I  and  II.  In  both  con¬ 
figurations  the  resistance  was  decreased  at 
smaller  air  flow  rates  more  than  the  poss¬ 
ible  thrust  of  the  waterflow  momentum  in¬ 
crease  due  to  air  bubbles.  This  additional 
resistance  decrease  is  apparently  the  re¬ 
sult  of  decreased  eddy-ma  ing  resistance. 

At  a  higher  air  flow  rate  the  decrease  of 
effective  oower  approaches  the  power  of 
compressed  air. 

TABLE  3  Results  of  Resistance  Tests 


SPEED 

V 

m 

m/s 

AIR  FLOW 
RATE  <Jr 

nV  /s 

AIR 
PRESS¬ 
URE  n. 
Pa  ‘G 

MODEL 

RESIS¬ 

TANCE 

R  N 

m 

AIR  DIS¬ 
CHARGE 

HOLE  CON¬ 
FIGURATION 

1  .40 

0 

0 

1,40 

.00031 

3012 

41  .8 

1  .40 

.00054 

3023 

41.8 

1  .40 

.00102 

3052 

41.0 

1  ,40 

0 

J 

43.0 

1  .40 

.00034 

2513 

41  .8 

I  I 

1  .40 

.00052 

2552 

41.8 

1  .40 

.00099 

2557 

41,5 

5.2  Propulsion 

Propulsion  tests  were  run  with  four 
propeller  loadings .  Two  of  the  loadings 
were  chosen  on  both  sides  of  ship  self  pro¬ 
pulsion  point  and  the  other  twc  on  both 
sides  of  nodel  self  propulsion  point  and 
the  exact  values  of  both  model  and  ship 
self  propulsion  polr. . ,  were  attained  by 
interpolation.  The  verification  of  model 
self  Dropulsion  point  was  considered 
necessary  because  of  unsteadiness  of  the 
separation.  The  measured  quantities  be¬ 
haved.  however,  similarly  both  in  model 
and  ship  self  pror.lsion  point.  Results  of 
propulsion  tests  <=hip  self  propulsion 
point  are  illust  in  Fig.  3  for  air 

discharge  hole  c  -'j.guraticns  I  and  II. 

From  the  re  alts  of  air  discharge  hole 
configuration  I  it  can  be  seen  that  when 
the  air  flow  rate  is  increased  from  .0003 
tc  .0005  m5/s,  revolutions  are  suddenly 
increased  and  torque  and  thrust  coefficients 
ere  decreased.  The  reason  for  this  is 
aoparently  that  air  is  drawn  into  the  pro¬ 
peller  disc  and  the  density  of  fluid  accel¬ 
erated  by  the  propeller  is  decreased. 
Changes  in  propulsion  efficiency  are  how¬ 
ever  small  even  with  large  air  flow  rates. 
This  ventilation  of  the  propeller  and  the 
two-phase  flow  in  general  between  the  hull 
and  the  propeller  can,  according  to  Huse 


[6],  reduce  cavitation  noise  and  propeller- 
induced  pressure  fluctuations.  In  the  re¬ 
sults  of  air  discharge  hole  configuration 
II,  where  air  holes  are  on  the  upper  level, 
a  similar  sudden  change  of  quantities  can 
not  be  noticed. 


Fig.  3  Results  of  Self  Propulsion  Tests, 
Ship  Self  Propulsion  Point.  Air 
Discharge  Hole  Configuration  I  on 
the  Left,  11  on  the  Right. 


5.3  Wake  Surveys 


Axial  velocity  distribution  in  propel¬ 
ler  disc  without  air  discharge  is  given  in 
Fig.  4.  Corresponding  velocity  distri- 
outions  of  ail  air  discharge  hole  con¬ 
figuration  with  air  flow  rate  .0003,  .0005 
and  .001  mVs  are  presented  in  Fig,  5,  6, 

?,  8  and  9. 


Fig.  4  Axial  Velocity  Distribution 
without  Air  Discharge 
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Vg=0 .0003  m3  / s 


Fig.  7  Axial  Velocity  Distributions.  Air 
Discharge  Hole  Configuration  III 


Fig.  8  Axial  Velocity  Distributions,  Air 
Discharge  Hole  Configuration  IIIA 
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Fig.  9  Axial  Velocity  Distributions.  Air 
Discharge  Hole  Configuration  IIIB 


In  these  diagrams  the  distribution  of 

V 

dimensionless  axial  velocity  —  is  given. 

m  Vx 

Local  wake  w,  can  be  obtained  from  w=1-,-t- 

L»  V 

Vx  =  axial  inflow  velocity  R 

V  ~  model  speed, 

m 

Vector  diagrams  on  propeller  disc  are 
presented  in  Fig.  10  for  model  without  air 
discharge  and  in  Figures  11,  12,  13,  14  and 
15  for  model  with  air  discharge  of  all  hole 
configurations.  In  these  diagrams  the 
'•peed  V  is  given. 

By  comparison  of  Figures  4... 9  and 
10... 15  at  the  same  time  it  can  be  seen 
that  the  effect  of  air  discharge  is  con¬ 
sistent.  The  best  results  are  obtained 
with  the  air  discharge  hole  configuration  I. 
Then  even  with  small  air  flow  rate  0.0003 
m3/s  the  wake  peak  due  to  bilge  vortices  is 
reduced  and  bilge  vortices  are  smaller  and 
have  moved  near  to  the  centerplane  of  the 
ship.  The  situation  is  still  better  with 
air  flow  rate  0.0005  m3/s.  Then  the  bilge 
vortices  disappear.  However  if  air  flow 
rate  is  increased  to  0.001  m3/s,  the  situ¬ 
ation  is  changed  and  a  new  wake  peak  is 
formed  near  to  the  centerplane. 

Discharging  of  air  from  the  holes  of 
configuration  II  does  not  have  such  an 
evident  effect  on  velocity  distribution. 
Only  with  large  air  flow  rate  0.001  m’/s 
is  wake  distribution  improved  a  little  and 
bilge  voitices  removed  near  to  the  center- 
plane. 

Results  obtained  with  air  discharge 
hole  configuration  III  show  no  improvement 
with  small  and  medium  air  flow  rates.  With 
large  air  flow  rates  wake  distribution 
becomes  worse. 
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Fig.  10  Velocity  Vectors  on  Propeller 
Disc,  No  Air  Discharge 


vg  =  0.0003  m-’/s 


V=0 . 000  3  m'/s 


:/j//L-Ltnh. _ \ 

yvi  TX 

V/frV 

‘am- 

1  V\^4 

'  \  i  \ 


Vg=0.0005  ti3/s  — f' 


7  i  \ 
irt  fJ./* 

■I  I  A ■ 

/\7~j 

-l  h] 


Vr=0.001  m3/s  , 

G  ,  s 

/'  /^" 
/  fS 


f/  /  /"  /r/;- 

n  1  i,M  : 

//,  >'  I  7 

■I  1 7|7K 

1 1 -I  ’,>01 

!!,s.w': 

4'  i  \  >  . 

-A  \  \l 

'i 

s 

Fig. 11  Velocity  Vectors  on  Propeller  Disc, 
Air  Discharge  Hole  Configuration  I 
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Fig. 12  Velocity  Vectors  on  Propeller  Disc, 
Air  Discharge  Hole  Configuration  XX 
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13  Velocity  Vectors  on  Propeller  Disc, 
Discharge  Hole  Configuration  III 
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Fig. 14  velocity  Vectors  on  Propeller  Disc, 

Air  Discharge  Hole  Configuration  IIIA 
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The  two  modifications  IIIA  and  IIIB 
of  air  discharge  hole  configuration  III 
results  in  even  worse  wake  distributions. 
Vortex  formation  is  pronounced  apparently 
due  to  disturbance  of  concentrated  air 
discharge. 

Mean  wake  values  were  calculated  by 
integration  of  axial  velocity  •'  -ibutions 
Results  are  presented  in  Fig. 


AIR  DISCHARGE  HOLE 
CONFIGURATION 
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rig.  16  Mean  Wake  Values  w  as  a  Functior 
of  Air  Flow  Rate 
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io. 15  Velocity  Vectors  on  Propeller  Disc, 

Air  Discharge  Hole  Configuration  HIB 


This  figure  confirms  the  general  pic¬ 
ture  given  by  the  axial  velocity  distribu¬ 
tion  diagrams  and  V^-vector  diagrams. 

Mean  wake  values  of  air  hole  configuration 
I  are  clearly  at  a  lower  level  than  mean 
wake  without  air  discharge.  This  is  a 
result  of  reduced  vortex  formation  and 
separation,  w?  th  air  discharge  hole  con¬ 
figurations  II  and  III  the  changes  in  wake 
distributions  were  small  and  also  the 
mean  wake  remains  practically  unchanged. 
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Fig.  19  Circuaferencial  Axial  Velocity 
Variation.  Air  Discharge  dole 
Configuration  II 

S.  DISCUSSION 

the  present  results  appear  to  confirm 
the  suggestion  made  in  Section  1  that  the 
bilge  vortex  formation  can  be  reduced  by 
discharge  of  air  into  the  boundary  layer. 


Fig.  20  Circuxaferencial  Axial  Velocity 
Variation.  Air  Discharge  Hole 
Configuration  III 

Such  an  effect  can  only  be  attained  by  dis¬ 
charge  of  small  amounts  of  air  down  on  the 
level  of  the  upper  turn  of  the  bilge,  as  in 
air  discharge  hole  configuration  I.  Then 
bilge  vortex  formation  decreased  and  even 
cojaoletelv  disappeared  and  in  general  very 


large  local  wake  values  are  decreased  and 
circumferencial  wake  curves  became  gently 
sloping.  This  is  an  obvious  improvement 
considering  the  vibratory  forces  of  un¬ 
steady  cavitation.  However,  if  air  flow 
rate  is  too  large  vortex  formation  may  even 
increase. 

These  results  seem  promising.  How¬ 
ever,  some  reservations  have  to  be  made. 

At  medium  and  large  air  flow  rates  air  is 
drawn  into  the  propeller  and  revolutions 
are  increased.  This  does  not  affect  pro¬ 
peller  efficiency  but  it  must  be  taken 
into  consideration  in  propeller  design. 

The  functioning  of  the  system  in  shio  scale 
in  general  requires  further  consideration. 
The  boundary  layer  is  then  relatively 
thinner.  It  can  be  shown  that  volumetric 
water  flow  through  a  certain  cross  section 
in  boundary  layer  is  proportional  to 
3 

1-  power  of  length  scale  if  model  speed  is 

scaled  according  to  Froude.  If  the  re¬ 
quired  air  flow  rate  is  proportional  to 
this  water  flow  rate  in  the  boundary  layer, 
it  should  also  be  proportional  to  the 

1-|  power  of  length  scale-  In  the  two- 

phase  aoplications  mentioned  in  Section  3, 
where  air  flow  rates  are  very  laroe,  they 
are  in  general  considered  to  be  propor¬ 
tional  to  the  2^  power  of  length  scale. 

On  the  other  hand  due  to  the  fact  that  the 
maximum  rising  speed  of  air  bubbles  is 
proportional  to  the  square  root  of  the 
radius  of  the  corresponding  spherical 
bubble, there  is  a  limit  in  changing  the 
momentum  of  basic  water  flow.  All  this  re¬ 
quires  further  consideration  before  poss¬ 
ible  full  scale  applications. 

Most  of  the  present  results  are  based 
on  the  measurements  made  with  a  5-hole 
pitot  tube.  The  accuracy  of  this  instru¬ 
ment  in  aeneral  has  been  questioned  by 
Harwald  and  Hee  f  7 1  -  The  author  agrees 
that  differences  in  local  wake  values  at 
the  same  point  may  differ  by  0.25  or  even 
more  for  repeated  tests.  This  is  quite 
natural  when  such  an  unsteady  phenomenon 
as  separation  is  present.  If  there  are 
areas  of  separated  flow  in  the  propeller 
disc,  fully  automated  computer  methods  for 
plotting  isowakes  directly  from  the 
measured  local  wake  values  should  not  be 
used.  Measured  local  values  for  instance 
at  the  same  radius  should  first  be  faired 
manually.  Separated  areas  could  then  be 
traced.  The  author  recommends  the  marking 
of  traced  separated  areas  on  the  velocity 
distribution  diagrams  for  instance  by 
diagonal  lines.  This  would  increase  the 
usefulness  of  these  diagrams  in  subse¬ 
quent  stages  of  the  design. 

7.  CONCLUSION’S 

The  present  report  describes  an  ex¬ 
perimental  verification  for  a  system  of 
reducing  the  formation  of  bilge  vortices. 
In  this  system  comparatively  small  amounts 


of  air  are  discharged  into  the  boundary 
layer.  Systematic  model  tests  with  a  full 
tanker  form  were  carried  out  using  five  air 
discharge  hole  configurations.  If  air  dis¬ 
charge  holes  are  on  the  level  of  the  upper 
turn  of  the  bilge  and  extend  from  about 
0.05  L  to  at  least  0.15  L  measured  from  the 
after  perpendicular,  then  air  bubbles  turn 
the  direction  of  surface  flow  in  stern  and 
reduce  the  streamline  convergence  and  sep¬ 
aration  near  the  bilge.  With  small  and 
medium  air  flow  rates  favourable  changes 
in  wake  pattern  can  be  discovered. 

The  resistance  tests  indicate  that  the 
discharging  of  air  reduced  the  resistance 
and  this  reduction  arises  from  the  reduc¬ 
tion  of  eddy-making  resistance.  Propulsion 
efficiency  remains  practically  unchanged 
when  air  is  disharged  in  the  system.  Rev¬ 
olutions  are  increased  with  large  air  flow 
rates. 

Although  the  results  of  model  tests 
are  encouraging,  they  are  based  on  model 
tests  with  speed  scaled  according  to 
Fronde's  law.  Therefore  scale  effects  re¬ 
quire  careful  consideration.  Also, 
special  features  of  two-phase  flow  in  this 
mode  of  bubble  formation  require  additional 
studies. 
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Discussion 


S.  Tamiya  (Un:v  of  isukut'as 


(1)  Professor  Kostilainen  shows  us 
very  interesting  idea  of  air  bubble  utili¬ 
zation  for  improving  wake  distribution. 

It  is  a  kind  of  air  lift  pump  as  the  author 
noticed,  where  the  excited  water  flow  (main¬ 
ly  wake  following  air  bubble)  near  hull  sur¬ 
face  acts  as  a  motivational  medium.  For 
getting  better  understanding  and  develop¬ 
ment  of  the  experimental  results  it  will 
be  necessary  to  make  clear  the  process  of 
bubble  formation  as  well  as  motion  of  air 
bubble  in  shear  flow  attached  to  rigid  wall. 
The  discusser  should  like  to  expect  Profes¬ 
sor  Kostilainen  would  complete  this  work 
by  giving  such  a  kind  of  informations  in 
future. 

(2)  The  rate  of  work  done  by  air  bub¬ 
bles  is  measured  by  the  product  of  volume 
rate  of  air  flow  and  rising  velocity.  In 
case  of  actual  ship  rising  velocity  must  be 
small  because  of  relatively  small  bubble 
size,  so  that  increased  volume  rate  will 

be  necessary  to  obtain  equivalent  motivation, 
on  the  other  hand  the  thinner  boundary  lay¬ 
er  may  require  somewhat  reduced  volume  rate. 
May  I  have  any  opinion  of  the  author  in  this 
respect  ? 

(3)  May  I  have  the  diameter  of  the  air 
hole  as  well  as  the  reason  why  it  was  de¬ 
cided  ? 


A.Y.  Odaba$i  (BSRA) 

Professor  Kostilainen  presented  us  a 
very  interesting  and  well  written  paper  in 
which  he  also  drew  our  attention  to  a  num¬ 
ber  of  points  in  relation  to  a  possible 
full  scale  application.  Since  the  paper 
is  self-contained  my  contribution  will  be 
confined  to  the  clarification  of  certain 
points  raised  by  the  author  in  the  light 
of  the  experience  gained  in  B.S.R.A. 

The  first  point  worth  mentioning  is 
the  effectiveness  and  cost  of  flow  improve¬ 
ment  devices.  As  mentioned  in  the  paper 
the  use  of  fins  almost  always  brings  a 
penalty  of  added  resistance.  The  important 
problem  here  is  the  ability  to  predict  the 
occurrence  of  severe  flow  retardation  in 
an  early  design  stage  so  that  a  remedy  can 
be  found.  If  the  hull  form  cannot  be 
changed  due  to  other  design  constraints 
the  use  of  flow  deflectors  (similar  to 
vortex  generators)  appears  to  be  the  most 
feasible  approach  since  the  added  resis¬ 
tance  penalty  is  only  marginal.  During 
the  development  of  the  PHIVE  (Propeller 
Hull  Interaction  Vibration  Excitation) 
project  such  flow  deflectors  have  been 
designed  and  fitted  to  two  ships;  a  fast 


cargo  ship  and  a  fishing  boat,  with  suc¬ 
cess. 

The  next  point  is  the  similarity  or 
otherwise  between  the  vortex  layer  separa¬ 
tion  and  the  bilge  vortex  separation.  Fig¬ 
ure  A1  illustrates  the  vortex  layer  separa¬ 
tion  as  proposed  by  Maskell  1)  *  As  can 
be  seen  there,  vortex  layer  separation 
requires  the  existence  of  an  attachment 
line  to  the  body  where  very  strong  cross 
flow  also  exists.  Further  studies  in  the 
field  of  aeronautics  also  indicates  this 
phenomenon  exists  for  flows  at  high  Mach 
number  and  high  incidence,  cf.  Hahn,  et. 
al  2) .  A  closer  examination  of  bilge  vor¬ 
tex  formation  does  not  indicate  the  presence 
of  an  attachment  line  as  suggested  by  van 
Berlekom  [1J.  In  fact  it  rather  resembles 
a  tip  vortex  formation.  Wind  tunnel  ex¬ 
periments  conducted  at  NMI  did  not  indicate 
a  persistent  streamline  coalescence.  The 
presence  of  the  velocity  profiles  as  shown 
in  Figure  A2  seem  to  appear  as  a  result  of 
a  different  phenomenon  which  was  named  as 
"shear  separation"  and  it  will  be  discussed 
in  another  paper  to  this  Symposium,  Odaba^i 
and  §aylan  3) . 

My  final  contribution  is  related  to 
the  possibility  of  calculating  the  effect 
of  air  injection.  As  the  author  points  out 
the  main  contribution  of  air  injection  is 
an  additional  momentum  due  to  the  buoyancy 
of  air  bubbles.  This,  however,  should  not 
be  taken  as  a  straightforward  upward  momen¬ 
tum  addition  since  the  air  injection  will 
create  an  oblique  strain  on  the  established 
flow.  The  amount  of  strain  and  its  direc¬ 
tion  will  obviously  depend  on  the  amount, 
speed  and  orientation  of  the  air  injectors. 
If  one  can  estimate  the  added  momentum  and 
its  direction,  changes  that  will  happen  in 
the  downstream  direction  can  be  calculated 
approximately,  by  using  the  extra  strain 
rate  corrections  in  the  turbulent  flow  cal¬ 
culations,  cf.  Bradshaw  4),  together  with  the 
modification  of  the  continuity  equation  and 
the  body  surface  boundary  condition  to  ac¬ 
count  for  the  transpiration.  Calculations 
performed  by  Higuchi  and  Rubesin  5)  indi¬ 
cate  that  prediction  of  velocity  profiles 
and  shear  stresses  under  similarly  strained 
conditions  are  quite  reasonable.  The  va¬ 
lidity  of  thi  ;  explanation  is  fairly  easy 
to  check  since  if  the  most  important  effect 
is  the  extra  strain  rates,  the  use  of  local 
surface  rotation  or  local  surface  heating 
(or  cooling)  should  produce  similar  results. 
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E.  Huse  (Norwegian  Hydtodynamic  LaD ). 


First  of  all/  Professor  Kostilainen  is 
to  be  congratulated  on  his  bringing  new  and 
refreshing  ideas  into  our  field  of  ship 
technology.  I  have  three  brief  comments/ 
questions  : 

(1)  What  is  the  additional  power  or 
fuel  consumption  of  the  air  compressors 
compared  to  the  gain  in  resistance  and  pro¬ 
pulsive  efficiency  ? 

(2)  I  think  that  extreme  bilge  vortices 
of  this  type  described  in  the  paper  should 
preferably  be  avoided  at  the  design  stage 

by  applying  more  V-shaped  sections  in  the 
afterbody.  This  will  also  reduce  resist¬ 
ance,  and  the  effect  of  the  higher  wake 
peak  at  the  top  of  the  propeller  disc  can 
be  counteracted  by  other  means,  for  instance 
a  highly  skewed  propeller. 

(3)  As  a  last  comment  1  think  it  is 
worth  mentioning  that  the  air  injection 
suggested  by  Prof.  Kostilainen  could  have 
an  additional  beneficial  effect  in  reducing 
cavitation  erosion  on  the  propeller  blades 
by  ventilating  the  cavities. 


Author’s  Reply 


V.  Kostilainen  (Helsinki  Unv  of  Tech  I 


I  am  gratefull  to  Prof.  Tamlya  for  his 
expert  comments  and  question. 

I  agree  with  Prof.  Tamiya  in  that, 
that  more  basic  research  should  be  done  on 
two  phase  flow  in  these  conditions. 

To  my  opinion,  the  second  notice  of 
Prof.  Tamiya  is  also  right.  There  is  a 
contradiction  in  the  scale  effect,  on  the 
rising  velocity  of  the  air  bubbles  on  the 
other  side  and  on  the  thickness  of  the 
boundary  layer  on  another  side.  I  am  not 
able  to  give  you  any  quantitative  infor¬ 
mation  on  this  problem. 


The  diameter  of  air  holes  was  7mm. 

But  this  diameter  has  practically  no  ef¬ 
fects  on  bubble  formation  in  these  rates  of 
air  flow.  If  air  flow  rate  is  very  low, 
then  the  form  and  size  of  air  holes  have 
certain  effect  on  bubble  formation. 


I  thank  Dr.  Odaba^i  for  his  discussion. 
Dr.  Odabapi  brings  to  our  knowledge  impor¬ 
tant  new  information.  It  happens  less 
frequently  that  vortex  generators  are  fit¬ 
ted  in  full  scale_ ships  with  success. 

Further  Dr.  Odaba^i  told  us  about  a 
new  form  of  separation  called  shear  separa¬ 
tion.  I  consider  this  to  be  an  interesting 
finding  and  we  may  hear  more  about  it  to¬ 
morrow,  when  Dr.  Odaba^i  and  ?aylan  will 
present  their  paper. 

Finally  Dr.  Odaba§i  considers  the  cal¬ 
culation  of  the  effect  of  air  injection  to 
be  fairly  easy.  This  is  easy  if  the  medi¬ 
ums  of  basic  flow  and  injected  flow  are 
the  same.  We  have  found  it  difficult  to 
determine  the  change  of  momentum  if  air  is 
discharged  into  the  water.  We  have  tried 
to  do  it  experimentally  with  poor  success. 
This  is  because  in  this  regime  of  two- 
phase  flow,  the  bubble  formation  is  a  very 
irregular  phenomenon  and  because  part  of 
the  potential  energy  of  air  bubbles  goes 
to  the  vortex  generation. 


I  thank  Porf.  Huse  for  his  question 
and  kind  comments.  In  reply  to  his  first 
question  I  can  say  that  we  notice  a  gain 
in  overall  efficiency  of  this  system  in 
resistance  tests  only,  with  the  best  hole 
configuration  and  small  and  medium  air  flow 
rates.  Then  the  power  of  compressed  air  to 
be  produced  for  the  system  was  much  less 
than  the  decrease  in  effective  power  of  the 
model.  As  I  say  in  my  paper,  reason  to 
this  is  apparently  decreased  vortex  forma¬ 
tion.  In  propulsion  tests  no  changes  in 
required  propulsion  power  were  noticed. 

I  fully  agree  with  Prof.  Huse  in  that 
that  the  best  way  to  reduce  the  bilge  vor¬ 
tex  is  to  design  the  form  of  the  ship  in 
such  a  way  that  no  vortex  formation  exists. 
Unfortunately  at  the  present  state  of  the 
knowledge  it  is  not  always  possible. 

I  thank  Prof.  Huse  of  the  additional 
information  given  in  his  last  comment. 
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ABSTRACT 

By  means  of  a  linearized  theory  for  ship  waves  in  a  viscous 
fluid  under  assumptions  of  the  Osecn’s  equations  and  an  equiv¬ 
alent  laminar  wake,  it  is  confirmed  that  a  wave  pattern  and  a  wave 
making  resistance  at  high  Reynolds  numbers  are  determined  by  a 
potential  component  of  the  flow  field,  that  the  effect  of  a  rota¬ 
tional  component  is  negligible  and  that  viscous  effects  on  a  wave 
pattern  and  a  wave  making  resistance  are  due  to  modification  ol 
potential  flow  by  a  boundary  layer  and  a  viscous  wake.  A  bound¬ 
ary  layer  and  s  viscous  wake  of  a  surface-piercing  2-dimensional 
thin  strut  are  measured  carefully,  as  well  as  wave  patterns.  It  is  dis¬ 
covered  that  turbulence  occurs  beside  and  behind  a  ship  near  the 
free  surface,  and  that  it  originates  another  sort  of  viscous  wake. 
The  measured  boundary  layer  at  deep  points  which  is  not  affected 
by  free  surface  is  compared  with  calculations  using  rather  simple 
methods  of  turbulent  boundary  layer  theories  which  do  not  con¬ 
sider  the  “thick  boundary  layer”  and  trailing  edge  effects.  The 
measured  viscous  wake  at  deep  points  is  compared  with  calculated 
results  of  Squire  &  Young’s  method.  Making  use  of  the  measured 
displacement  thickness,  the  wave  patterns  and  the  wave  making 
resistances  are  calculated  and  compared  with  measured  values.  A 
quilitative  hut  plausible  agreement  is  obtained. 

NOMENCLATURE 

B  breadth 

b  half  breadth 

d  draught 

E  ratc-of-strain  tensor 

F  surface  force  acting  on  the  hull 

Fn  Froude  number 

f  hull  shape 

G  velocity  induced  by  a  potential  source 
g  gravity  acceleration 

i  unit  vector  of  x  direction 

kQ  half  of  Reynolds  number 

k0;  half  of  effective  Reynolds  number 
L  length 

1  half  length 

m„  i=0— 3  density  of  singularity  distribution 
n=(n!  ,n2 ,  n3 )  unit  normal  (positive  out  of  ship) 

P  pressure  vector  induced  by  Ossenlets 


p  pressure 

P*  =  P  +  ToZ 

p-  pressure  of  inside  flow 

q  velocity 

q'  perturbation  velocity 

q'  perturbation  velocity  of  reverse  Oseen  flow 

R*  Reynolds  number 

Rnc  effective  Reynolds  number 

5  wetted  hull  surface 

T=(ti .  t2,  t3) velocity  tensor  induced  by  Osecnlets 
U  uniform  stream  velocity 

V  full  fluid  domain 

To  =  gl/U3 

8  boundary  layer  thickness 

8*  displace., lent  thickness  of  a  boundary  layer  or  a  wake 

8(|)  Dirac’s  delta 

co  thinness  parameter  of  a  ship 

f  free  surface  elevation 

6  momentum  thickness  of  a  boundary  layer  or  a  wake 

ii  fluid  viscosity 

v  fluid  kinematic  viscosity 

|/r  eddy  viscosity 

p  fluid  density 

I.  INTRODUCTION 

An  interference  between  free  surface  waves  and  actions  of 
water  viscosity  has  been  investigated  for  a  long  time  associating 
with’  an  improvement  of  scaling  procedures  from  model  resistances 
to  ship  resistances  and  an  explanation  of  discrepancy  between 
measurements  and  theoretical  wave  resistances.  Existing  investiga¬ 
tions  were  reviewed  by  Maruo  ( 1  ].  He  concluded  that  no  complete 
theory  for  the  wave  resistance  in  a  viscous  fluid  had  been  ext3b- 
lisbcd  so  far.  Any  existing  theories  have  arbitrariness  about  a  flow 
model  so  that  they  can  explain  the  interference  only  qualitatively 
but  quantitively.  In  this  paper  it  is  attempted  that  the  arbitrariness 
about  a  flow  model  is  removed  under  these  basic  assumptions 
which  arc  a  linearity  of  the  fluid  motion  by  a  thin  ship  and  a  re¬ 
presentation  of  a  turbulent  joundary  layer  and  wake  by  an 
“equivalent”  laminar  flow.  Another  assumption  is  that  a  ship  wave 
damps  only  by  molecular  viscosity  not  by  turbulence. 

Though  the  linearity  of  the  fluid  motion  is  assumed,  the 


linearized  equation  of  motion  of  viscous  fluid,  i.e.  the  Oseen  equa¬ 
tion  does  not  hold  near  the  surface  of  the  body  at  high  Reynolds 
number.  This  linearization  is  justified  at  a  far  field  where  a  pro¬ 
blem  loses  boundary  condition  on  the  surface  of  the  body.  Tne 
problem  should  be  matched  with  a  near  field  problem.  The  near 
field  problem  is  about  a  turbulent  boundary  layer  including  a 
thick  boundary  layer  near  a  stem,  :ts  separation  on  occasions  and 
a  near  wake.  Theoretical  investigations  of  this  important  but  dif¬ 
ficult  problem  have  just  been  started  about  not  only  3-d  but  also 
2-d  and  axisymmetric  body  |2J.  The  greater  part  of  this  problem  is 
left  for  future  researches.  Objective  of  this  paper  is  limited  to  a 
quantitative  estimation  of  a  viscous  effect  on  a  wave  pattern  and  a 
wave  pattern  resistance  of  a  thin  ship  under  above  assumptions. 
For  this  purpose  a  far  field  is  matched  with  experiments  of  a  near 
field  quantity,  which  is  distribution  of  displacement  thickness  of 
the  turbulent  boundary  layer  and  v.-.ke,  since  it  is  shown  by  a  new 
representation  of  a  thin  ship  in  a  viscous  fluid  that  a  far  field 
should  be  matched  with  the  displacement  thickness. 

This  paper  consists  of  three  parts. 

1 )  Representation  of  a  thin  ship  in  a  viscous  fluid 

2)  Measurements  of  a  viscous  fluid  flow  and  stern  wave  patterns 

3)  Calculations  of  a  viscous  effect  on  a  wave  pattern  and  a  wave 
pattern  resistance  of  a  thin  ship 

This  paper  also  includes  descriptions  about  turbulence 
which  is  found  occuring  beside  a  ship,  spreading  behind  on  the 
free  surface  and  originating  another  sort  of  viscous  wake. 

2.  REPRESENTATION  OF  A  THIN  SHIP  IN'  A  VISCOUS 
FLUID 

The  fluid  flow  around  the  ship  is  trubulent,  because  its 
Reynolds  number  is  sufficient  large.  Reynolds  equations  including 
Reynolds’  stress  which  is  a  pietended  stress  are  the  equations  of 
motion  for  turbulent  flow.  This  equation  have  not  been  able  to  be 
calculated  without  any  assumptions  yet.  The  most  universal 
assumptions  about  Reynolds’  stress  have  been  pursued  by  a  lot  of 
research;'. %  about  a  turbulent  flow. 

1:  order  to  make  it  possible  to  analyze  the  problem  of  the 
interference  between  waves  and  wake  of  a  ship,  adopted  assump¬ 
tions  in  this  paper  are  that  the  Reynolds’  stress  is  expressed  using 
coefficient  of  eddy  viscosity  and  further  that  the  eddy  viscosity  is 
constant  everywhere,  which  are  so  primitive  and  rough  that  this  is 
not  an  exact  situation.  Validity  of  these  assumptions  will  be  con¬ 
sidered  later. 

From  above  assumptions  the  fluid  flow  can  be  considered 
to  be  an  equivalent  laminar  flow.  Equations  of  motion  are  the 
Navier-Stokes  equations  for  a  steady  incompressible  viscous  flow. 
If  we  normalize  the  length  by  a  half  length  of  the  ship  1,  the  velo¬ 
city  by  a  uniform  stream  velocity  U  and  the  pressure  by  twice  of 
the  stagnation  pressure  pUJ , 

Momentum  equation: 

(q -grad)  q  + grad  p*  = -j~Aq  ;  (I) 

Continuity  equation: 

divq  =  0  :  (2) 

where 

p  =  density  of  fluid  =  constant, 

p  =  viscosity  =  constant, 

v  -  kinematic  viscosity  =  —  =  constant, 

P 

7o=  gl/UJ, 

Rc=  Ul/t» , 
p  =  pressure. 

P*=  P  +  7oZ. 

q  =  velocity:  q  =  ui  +  vj  +  wk. 


in  Cartesian  coordinates. 

Boundary  condition  at  infinity  is 

q  =  1  ,  P  +  70z  =  0  .  (3> 

Hull  surface  condition  is  no-slip  condition,  as 

q  =  0.  (4) 

And  boundary  conditions  on  a  free  surface  are  a  stress  free  con¬ 
dition  and  a  kinematic  condition. 

We  introduce  another  main  assumption  which  is  that  the 
ship  is  so  thin  like  Michell’s  model  that  Us  disturbance  is  sufficient 
small  compared  with  a  uniform  stream.  This  assumption  yields  a 
set  of  linearized  conditions.  But  a  hull  surface  condition  (4)  can¬ 
not  be  applied  for  the  linearized  problem,  because  a  perturbation 
velocity  near  the  ship  is  comparable  with  a  uniform  stream  by  an 
action  of  water  viscosity,  whether  the  ship  is  very  thin  or  not. 
Now  let  us  use  an  integral  representation  of  the  Navier-Stokes 
equations. 

For  a  perturbation  velocity  q*  =  q  - 1_.  equation  ( 1 )  may  be 
written  as 

“  q  ’  =  -  tq'-  grad)  q'  -  grad  p*  +  ^  A  q‘ ' ,  (5a) 

or 

^-q’  =  q'xrolq'-grad(p*+-iq  i!)  +  A  q' .  (5a) 

The  quadratic  term  of  q'  cannot  be  neglected  near  the  ship  as 
mentioned  above.  If  we  consider  the  relation 

fall  =  £ 5  (I)  6  (>?)  6  (?)  -  grad  p*  +  ^  A  q' .  (6a) 

div^'  =  0.  (6b) 

which  is  the  linearized  equation  of  motion  for  steady  flow  with  a 
point  force  of  strength  F,  where  6(f)  being  the  Dirac's  delta,  we 
can  understand  the*  equations  (5)  and  (2)  mean  Oseen  flow  with 
volume  force  distribution  of  strength  -(£  grad)  £  or  q’  X  rot  q'. 
So  the  velocity  is  written  by  an  induced  velocity  of  Oseenlets. 


q'  =  ^IF  ds  -  /T(q'- gradlq*  dr 

(7a) 

=  /TF  ds  +  J  X  (q'x  rot  q\)  dr  . 

And 

(7a) 

p*  =  /PF  ds -/ p(q'- gradlq' dr . 

S  7“  “ 

(7b) 

p*  +-q-lq'  I2  =  /PF  ds  +  /P  (q'  x  roi  q*)  dr  . 

1  —  S  V  - 

From  (7a ’)  and  (7b'), 

(7b’) 

P*+T'3iJ=  /I£  +  <«rj)l  Fds 

+  /lE  +  (lij)l(q'xrotq')dr-t~. 

(7b”) 

Here  T  and  P  are  a  velocity  tensor  3nd  pressure  vector  induced  by 
Oseenlets,  respectively,  and  F  is  a  surface  force  acting  on  the  hull. 

S  is  the  hull  surface  and  V  is  a  full  fluid  domain  (see  Appendix  A). 

When  Re  tends  to  infinity,  jP  +  (t,j)  tends  to  zero  exponen¬ 
tially  except  0  =  0,  where  6  fs  an  angle  from  x-axis.  So  the  equa¬ 
tion  (7b")  may  be  written  as 

p*+^l£lJ=^-.  Rt-*“. 

(8) 

This  is  the  same  iorm  as  the  Beriioulli’s  theorem  for  potential 
flow. 

If  J  is  replaced  by  a  velocity  tensor  of  Havelock  Oseenlets 
1 1 1.  (3J  which  satisfy  botli  the  linearized  free  surface  condition 
and  the  infinity  condition,  equations  (7)  are  representations  of 
fluid  flow  field  about  a  ship. 

The  equations  (7)  are  very  interesting  since  they  are  repre¬ 
sentations  of  the  Navier-Stokes  equations  by  Oseenlets  which  are 
singular  solutions  of  the  linearized  equations  (the  Oseen's  equa¬ 
tions).  They  are  similar  integral  representations  to  Green  theorem 
of  a  potential  flow.  Of  cource  the  equations  (7)  are  non-linear 
since  the  last  term  contains  equadratic  terms  of  q'.  But  note  that 
the  integral  domain  V  is  restricted  extremely  near  the  body  sur¬ 
face  S.  if  ReTs  very  large,  because  the  integrant  is  almost  zero 
except  near  S'. 

Considering  an  order  of  magnitude  of  the  volume  distribu¬ 
tion  of  Oseenlets  -(q\  grad)q'=  (a, ,  o2.  o3 ), 

-0i  =  u'  uj  +  v'Uy  +  w'uj'  =0(1)  . 

-Oj  =u'v; +  v'vy  +  w’v'  =0(6  ore) ,  (9) 

-  a3  =  u'w’  +  v‘ w'  +  w'wj  =0(6  ore) , 

where  6  is  a  thickness  of  a  boundary  layer  or  a  half  breadth  of  a 
wake  and  e  is  a  thinness  parameter  of  a  ship,  the  strength  of  a  lift¬ 
ing  Oseenlet  is  negligible  compared  with  the  strength  of  a  dragging 
Oseenlet. 

Integrating  the  volume  distribution  of  dragging  Oseenlet. 

/*dx/6dy  J  ^  dz(-  o,)  =  J  dy  /  dz  u' 2  f  exponentially  small 
-1  f  —  d  r  -d 

=  ;°(5*-0)dz +0(8  €)  ,  (10) 

•  d 

where  6*  and  0  arc  a  displacement  thickness  and  momentum 
thickness  of  the  boundary  layer  or  the  wake.respectively. 

Equations  (7)  show  that  the  motion  of  viscous  fluid  flow 
can  be  represented  by  center  plane  distributions  of  Oseen  singu¬ 
larities  in  a  sense  of  singular  perturbation  theory,  if  both  e  and  6 
are  sufficient  small.  Hence  a  far  field  solution  is  written  as  follows. 

q' =  /  d?  J  df(m0G  + m,t!  +  nijtj  +  m3tj),  (11) 

-1  d 

<.;here  Q  is  an  induced  velocity  of  a  potential  source  and  I  =  (t) . 
tj.tj). 

Note  that  a  potential  source  is  one  of  Oseen  singularities 
which  satisfy  Oseen’s  equation  and  which  cannot  be  constructed 
with  multi-poles  of  Oseenlets.  Let’s  determine  m0.  mi.  m2.  and 
m3 .  from  equations  (7)  and  other  conditions. 

From  (A-5).  (A-6).  we  have 

1  s  /I-Fds  = /(-PT-n  +  ^-I-E-n)ds,  (12) 

s  “  s  ”  ^ 

where  E  =  (ey)  is  a  rate-of-strain  tensor.  Let  the  hull  be  described 
by  y=±f(x,z)=0(e).  Considered  the  order  of  magnitudes  of  elf  as 
done  in  (9)  and  these  relations 

n,  =  Ofe').  ns  =  il  +0(e:). 

n,=  -j|+  0(r),  (13) 


t  It  is  possible  to  calculate  the  equations  iteratively.  A  conver¬ 
gent  solution  had  been  got  for  a  case  of  laminar  wake  of  a  flat 
plate  at  high  Reynold’s  number  (8J  (see  Appendix  B). 


equation  (1 2)  is 

+  ^  1,  1„.  o  +  0‘>:  or  e6  or6J), 


where 

p  =  p<0>  +  O  (e  or  6)  . 

Integrating  by  part  and  substituting  these  relations. 


(14) 


(15) 


plul  =  pc  (since  (A*  11) )  , 


(16) 


and 


lit 

a« 


.  dir  .  dla 
3q 


=  0  . 


we  have 


(P) 


1  =  -  Pc  /'( tj  ln=r  =  otl£  + 


^  ('  r 

Re  5,  -Jd 


3u 

3y  -l  V  0 


d£df.  (18) 


of  which  first  term  vanishes  both  in  a  case  of  submerged  and  sur¬ 
face  piercing  ship,  because  in  the  latter  case  we  should  take  pc  =  0. 

From  equation  (1)  a  non-dimer.sional  frictional  stress  of 
the  hull  is  expressed  as  follows. 


'•*  if,*!;’,,.  *  S  * ow""' 

From  (10).  (18)  and  (19).  we  have 


(19) 


in,  =  2  ~  .  in.  =  0  .  ni}  =  0 .  (20) 

And  it  seems  as  if  m„  =  0.  But  note  that  a  near  field  problem  loses 
a  hull  surface  boundary  condition  for  v,  because  v  is  higher  order 
compared  with  u  in  the  near  field.  So  we  cannot  determine  m0 
from  (7).  We  can  use  a  conservation  law  of  mass.  From  the  hull 
surface  condition  (A-10),  (low  flux  from  the  hull  is 

/ ( -q'  ■  ii)  ds  =  2/’  / "  —  d(df  +  higher  order ,  (21) 

s  ‘  -a 

hence  we  have  the  relation. 


m0 


,SL 

■3( 


(22) 


Now  the  lowest  order  term  of  a  far  field  solution  is  found 


to  be 


i-CC '***"%**«• 


(23) 


Equation  (23)  is  similar  to  the  intuitive  models  of  Havelock  (4J, 
Wigley  15 J.  and  so  on  (6|.  [7],  since  a  main  part  of  a  dragging 
Oseenlet  is  a  potential  source  when  Re  is  very  large,  as  described 
later.  But  it  is  different  from  them  about  two  points.  One  of  them 
is  that  the  second  term  of  (23)  is  divergent  free  unlike  Betz 
sources  and  another  is  that  (23)  contains  a  viscous  damping  effect 
of  wave  propagation.  Special  attention  should  be  paid  to  the  facts 
that  equation  (23)  is  derived  by  consistant  manner  and  that  it 
includes  a  viscous  wake  unlike  potential  flow  models. 

A  surface  elevation  or  a  wave  pattern  of  the  distribution 
of  Havelock  Oseenlets  is  given  by 

J  /*  dfi  rkdk 

4  It  ,5  o 

F(k  g)e,k<XCO!®  * 

k  (cos®  -  ik/ko)1  -  To  +  (k/kol’/V  +  2ikokcos0  . 


F(kjO)  =  -2  // |(m0  +  m, )  (icotf  +  r)*' 

K0 

,7k 


,kz* 


+  ,/k:  +  2ikMkcos6  ev 

*oe 


Zikojkcosfl 


(25) 


-  695  - 


where  k0  =  Rc/2  and  k0<!  =  Ul/2»r  =  Rne/2  .  (26) 

Here  ifj  is  an  eddy  viscosity  in  a  representative  boundary'  layer  and 
wake,  which  we  look  on  as  different  from  a  molecular  viscosity. 
The  wave  is  assumed  to  be  damped  only  by  a  molecular  viscosity 
not  by  turbulence.  This  assumption  may  or  may  not  be  justified  by 
future  works. 

When  both  k0  and  koe  are  sufficient  laree,  a  free  wave  of 

(24)  is 

fiO  =  fP  +  (27) 

=  47o  /”/‘  [Fpcos(7opsecJ0  +  <>)  +  Qt,sin(7ofssecJ0  +  0)] 

-  JT  /  2  + 

e‘APsecJ0d0  +  0(RC',,:).  (28) 

f*=470  j  */2  |P,cos(7oPsecJ0  +  7tr)  +  O,sin(7oPsccJ0  +  ^rr)] 

—  tt/2  *  w  *»  4 

e~*  p  /2  7oXfsec43d0  +  0(Rj' ).  (2<>) 

pP  ^ 

„„  =  '  //(mo  +  m,) e<7*“c's  *  <r  "  coia>dx'  dz,  (30) 

-Im 


p  /? 

=  f  //m,e  k"fxr(i  - i»z'  -  i70«'^ccedx-  i}. 
v  -7/w 

where  P  =  x  cos0  +  y  sin0 .  | 

cj  =  tap."1  |y/(x  -  x')l  . 

X  =  secs0 . 

*v 


"*  7o  sec0 


sinp  =  scc'6'. 

Re 


(31) 


(32) 


From  (27)  —  (32).  it  is  understood  that  effects  of  the  water  visco¬ 
sity  on  a  free  wave  of  a  thin  ship  consist  of  three  effects,  namely 

i)  a  viscous  damping  effect  of  wave  propagation,  which  is 
given  by  X  and  of  which  phase  lag  is  d, 

ii)  an  effect  of  rotational  flow  of  a  wake,  which  is  given  by  f». 

iii)  an  effect  of  deformation  of  a  potential  flow  due  to  the 
boundary  layer  and  wake,  which  is  given  by  m,  in  equa¬ 
tion  (30). 

The  first  effect  is  negligible  except  both  for  a  case  of  very 
big  x,  y  or  ya  and  a  case  of  nearby  0  =  nil,  because  X  and  4  are  of 
(HIV1),  of  which  Re  is  about  10®'10  for  ships  and  about  105",D 
even  for  model  ships.  The  second  effect  f1  is  of  0(Rne"'-  m,). 
because  P1  and  CP  are  of  0(Rm‘K-  m, ).  so  that  it  depends  upon 
how  large  the  effective  Reynolds  number  Rnc  is.  Let  us  presume 
Rnt  from  diffusing  pattern  of  a  ship  wake.  A  thin  strut  is  taken  as 
an  example,  of  which  particulars  will  be  given  in  the  next  section. 
The  wakes  of  a  center  piano  distribution  of  2-d  Oseenlets  given  by 
(20),  are  calculated  and  compared  with  measured  velocity  profiles. 
The  used  8*  in  (20)  and  the  measured  velocity  profiles  are  given 
by  measurements  of  the  next  section.  The  calculated  and  meas¬ 
ured  velocity  profiles  at  s.s.-l/2  and  at  s.s.-4  are  shown  in  Fig.  1 
and  Fig.  2,  respectively.  They  show  that  Reynolds  number  of 
relative  agreement  depends  upon  the  positions.  It  means  that  the 
assumption  of  constant  eddy  viscosity  is  not  valid  concerning 
velocity  profiles.  But  the  assumption  is  valid  about  viscous  effects 
on  ship  waves,  because  it  is  concluded  that  the  second  effect  f>  is 
negligible  since  it  is  understood  that  Rnc  =  2000  -  10000. 

Since  both  first  and  second  effects  arc  negligible,  waves  of 
a  thin  ship  in  a  viscous  fluid  are  the  same  as  waves  of  a  source  dis¬ 
tribution  m0  +  mi  in  an  ideal  fluid.  In  order  to  investigate  the 
third  effect,  we  need  a  distribution  of  mi  (x).  so  that  6*  (x). 
Theoretical  investigations  of  a  thick  boundary  layer  near  a  stem, 
its  separation,  and  a  near  wake  have  just  been  started  about  not 


only  3-d  but  also  2-d  and  axisymmetric  body.  They  have  not  been 
established  yet.  In  this  paper  8*(x)  is  given  by  experiments  which 
described  in  the  next  section. 


3.  MEASUREMENTS  OF  A  VISCOUS  FLUID  FLOW  AND 
STERN  WAVE'  PATTERNS 


in  order  to  know  the  distribution  of  the  displacement 
thickness  5*(x),  velocity  profiles  of  the  boundary  layer  and  wake 
are  measured  in  a  towing  tank,  as  well  as  stem  wave  patterns 
which  are  compared  with  calculations  described  in  the  next  sec¬ 
tion.  The  model  used  for  measurements  is  wall-sided  thin  stmt 
called  WM3,  which  is  1.2m  long.  0.12m  wide  and  0.60m  deep.  The 
water  line  f  is  parabolic  as 

f  =  e(l-x2 ).  e  -  B/L  =  0.1.  (33) 

The  reason  why  we  choose  deep  draught  wall-sided  model 
is  that  it  is  possible  to  investigate  effects  of  a  free  surface  on  the 
boundary  layer  and  wake.  Velocity  profiles  are  measured  by  a 
traverser  with  a  hot  film.  Out  put  velocities  are  considered  as 
x-axis  velocities,  because  cross  flow  components  are  negligible 
small  since  the  model  is  thin  and  wall-sided.  Speeds  of  advance  of 
the  model  are  chosen  as  Froude  numbers  of  hump  and  hollow  of  a 
wave  making  resistance  curve,  namely  Fn  =  0.283  and  0.255  Cor¬ 
responding  Reynolds  number  is  0,564  X  10*  ~  0.388  X  10*. 
Measured  velocity  profiles  at  283mm  below  the  undisturbed  free 
surface  (z/d  =  -0.472,  d  =  draught  of  the  model)  arc  shown  in  Fig. 
3.  where  both  effects  of  a  bottom  of  the  model  and  a  free  surface 
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arc  negligible.  We  can  see  velocity  profiles  of  a  turbulent  boundary 
layer  transform  into  velocity  profiles  of  a  wake.  Velocity  profiles 
near  the  free  surface  are  also  measured.  They  include  a  wave  wake 
due  to  an  orbital  motion  of  waves  as  well  as  a  viscous  wake.  The 
viscous  wake  taken  off  the  wave  wake  from  the  total  wake  at 
20mm  below  the  undisturbed  free  surface  (z/d  =  -0.03)  is  found 
to  be  different  from  Fig.  3  and  to  be  spread  and  stronger  than  Fig. 
3.  though  it  seems  to  be  uniform  in  direction  of  depth  since  the 
model  is  wall-sided.  At  this  time  the  wave  wake  u*  is  estimated  by 

u"  =  -free1*',  (34) 

where  £  is  a  surface  elevation  which  is  measured.  An  error  of  (34) 
is  negligible,  since  the  wave  wake  is  very  small. 

So  that  measurements  of  wake  distribution  at  s.s.-l  are 
carried  out.  Results  of  Fn  =  0.238  and  Fn  O  0.255  are  shown  in 
Fig.  4  and  Fig.  5.  respectively.  Both  results  show  that  the  wake  is 
spread  and  strong  near  a  free  surface,  though  the  extent  is  differ¬ 
ent  each  other.  We  could  not  find  wave  breaking  phenomena  any¬ 
where.  It  suggests  an  existence  of  an  interaction  of  a  viscous  wake 
and  a  free  surface  of  which  an  outcome  is  the  added  wake  near  a 
free  surface. 

Surface  elevations  are  measured  bv  the  traverser  with  an 
untouching  type  wave  gauge.  Results  are  shown  in  Fig.  6  with 
wake  distributions  at  z/d  =  -0.472.  In  hatched  area,  turbulent  dis¬ 
turbances  are  found  on  the  free  surface,  which  starts  from  the  side 
wall  of  the  model  of  about  s.s.7.5.  streams  along  the  wall  and 
spreads  into  a  diverging  wave  of  the  stem.  The  viscous  wake  with¬ 
out  effects  of  the  free  surface  distributes  in  much  narrower  region. 
The  free  surface  elevations  measured  by  continuously,  slowly  mov- 
jng  traverser  are  shown  in  Fig.  7  and  Fig.  8.  which  display  the 
turbulent  distrurbancc  clearly.  In  Fig.  9  both  the  free  surface 
fluctuations  and  velocity  profiles  at  S.S.-1/2  and  s.s.-l  are  shown, 
where  full  lines  are  velocity  profiles  at  z  =  -20mm  and  doited  lines 
are  velocity  profiles  at  z  =  -283mm.  Differences  of  them  corre¬ 
spond  to  the  fluctuations  very  well. 

From  the  above  experimental  results,  it  may  be  sufficient 
to  understand  that  the  difference  of  the  viscous  wake  in  direction 
of  depth  is  caused  by  the  turbulent  distrubance  of  the  free  surface. 
Namely  it  originates  another  sort  of  viscous  wake. 


big.  5  Wake  distnbi  tion  at  s.  s.  1  ( hn  =  0.255 1 


B  l  B  1 

Fig.  6  Wave  patterns  and  wake  distributions 
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free  surface  fluctuation 


i'»  -!/4 

-O.s 


Fig.  7  Free  surface  elevations  with  fluctuation  behind  stern 
(F„  =  0.23S) 


i.O  .1 


f10  ->,4 
■0.5 


Fig.  8  Free  surface  elevations  with  fluctuation  behind  stem 
(F„  =0.255) 


- 20  mm  below 

......  283  mm 

b  1/2  B  <6em)  Fn  =  0  238 

Fig.  9  Free  surface  fluctuation  and  velocity  distributions 

Tlic  displacement  thickness  8*  and  the  momentum  thick¬ 
ness  0  obtained  from  the  measured  velocity  profiles  are  shewn  in 
Fig.  10  and  Fig.  11.  compared  with  calculations  by  rather  simple 
methods  of  turbulent  boundary  layer  theory,  though  “thick 
boundary  layer  theory  including  effects  of  trailing  edge”  should  be 
applied  for  the  viscous  fluid  motion  near  a  stem  substantially, 
where  the  boundary  layer  is  not  thin  and  the  displacement  thick¬ 
ness  tepidly  changes,  as  mentioned  in  the  previous  section.  One  of 
the  reasons  why  the  more  precise  method  is  not  applied  in  this 
paper  is  that  any  methods  have  not  been  established  yet.  and 
another  is  that  it  is  thought  to  be  significant  to  confirm  the  pro¬ 
blem.  In  fig.  10.  6*  and  0  arc  calculated  by  means  of  Trucken- 
brodt's  method  [9]  as  an  example  of  approximated  integral 
method.  In  Fig.  1 1 .  they  are  calculated  by  means  of  Tanaka- 
Himcno's  method  1 10]  as  an  example  of  integral  method  Both  in 
Fig.  10  and  Fig.  11.  a  fine  dotted  line  and  a  dotted  line  mean 
calculations  of  6*  and  0.  respectively,  of  which  pressure  distribu¬ 
tion  is  modified  by  the  measured  displacement  thickness  of  the 
boundary  layer  and.  wake,  and  which  are  considered  to  include  a 
part  of  higher  order  effects.  They  show  that  calculated  8»  and  0 
using  the  modified  pressure  distribution  are  quite  different  from 
original  6*  and  0  at  the  stem,  and  that  they  give  a  qualitative 
agreement  with  experiments  both  in  a  case  of  Truckenbrodt’s 
method  and  Tanaka-Himeno’s  method.  Especially  in  the  latter 
case,  the  state  of  8*  near  the  stem  is  very  simitar  to  she  experi¬ 
ments.  However,  these  simple  calculations  of  a  lurtrilent  boundary 
layer  are  not  sufficient  to  predict  d8*/dx  which  plays  important 
role  for  the  wave  making,  as  described  later. 

One  of  the  reasons  of  disagr.ernents  of  the  calculations 
with  the  experiments  near  s.s.4,  where  these  should  agree,  with 
each  oiher  because  the  boundary  Ijyer  is  thin  enough,  is  the  error 
of  the  estimation  of  boundary  layer  edge  speeds  when  8*  and  0 
arc  obtained  from  the  measured  velocity  profiles.  Delicate  care  is 
necessary  to  measure  the  edge  speeds  and  to  analize  them,  though 
they  include  an  essentia]  difficulty. 

The  measured  displacement  thickness  8*  and  the  measured 
momentum  thickness  0  aftcr'the  stem  are  shown  in  Fig.12  com¬ 
pared  with  calculations  by  Squire-Young’s  method  1 1 1  ].  of  which 
initial  values  are  the  results  of  the  calculations  by  Truckenbrodt’s 
method  at  the  stem.  A  fine  dotted  line  and  a  dotted  line  are  calcu¬ 
lations  of  5*  and  0,  respectively,  of  which  pressure  distribution  is 
modified  by  the  measured  displacement  thickness.  Fig.  12  shows  a 
fairly  good  aneement  of  experiments  and  calculations,  because 
Squire-Young’s  method  is  empirical  method. 

A  Froude  number  of  ail  calculations  in  Fig.  10,  Fig.  1 1  and 
Fig.  12  is  Fn  =  0.238.  Calculations  at  Fn  =  0.255  is  almost  same 
as  calculations  at  Fn  =  0.238. 
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4. 


method  compared  with  experiments 


CALCULATIONS  OF  A  VISCOUS  EFFECT  OhLA  WAVE 
PATTERN  AND  A  WAVE  PATTERN  RESISTANCE 
OF  A  THIN  SHIP 

It  is  described  in  §2  that  waves  of  a  thin  ship  in  a  viscous 
fluid  are  the  same  as  waves  of  a  source  distribution  m0  +  nt]  in  an 
ideal  fluid.  In  this  section  let  us  calculate  the  wave  patterns  and 
wave  pattern  resistances  by  means  of  (28)  and  (30)  with  Xri)  and 
£*0,  using  5*  measured  in  §3.  Though  the  final  formula  of  the 
calculations  is  the  same  as  Okabe  and  Jinnaka’s  161  and  Lavren¬ 
tiev’s  (7).  the  used  displacement  thickness  distributions  are  dif¬ 
ferent,  namely,  their  displacement  thickness  distributions  were  not 
the  real  state  of  affairs  but  the  displacement  thickness  distribution 
of  following  calculations  are  measured  ones. 

In  order  to  investigate  the  effect  of  the  displacement 
thickness,  wave  patterns  of  following  source  distributions  are  cal¬ 
culated. 

(I)  A  source  distribution  without  a  viscous  effect  which  is 
Michells  approximation. 


since  m,  =■  0 

(II)  A  source  distribution  with  the  effect  of  displacement 
thickness  which  is  uniform  in  direction  of  depth. 


mm 


Fig.  1 1  Calculated  6  and  0  by  means  of  Tanaka-Himeno’s 
method  compared  with  experiments 


mm 


A.P.  -1  -2  -3  -4  -5  -6 

S3. 

Fig.  12  Calculated  6  and  ?  by  means  of  Squire-Young’s 
method  compared  with  experiments 


in  =  m;,  +  m,  -  2^(f  +  6*). 

where  5*  is  represented  by  6*  measured  at  zjd  =  -0.472. 
The  source  distribution  is  shown  in  Fig.  13.  It  is  signifi¬ 
cantly  different  from  the  distribution  of  (I)  near  the  stem. 

(Ill)  A  source  distribution  with  the  effect  of  displacement 
thickness  which  is  varied  near  the  free  surface  b>'  the  inter¬ 
action  and  which  is  approximated  as  Step  function  like  as. 

m  =  m0  +  mi'  =  m0  +  C  m, . 

where 

C=  1.7  ...  0  <  a/d  <  0.03. 

C=  1.3  ...  0.03  <  z/d  <  0.06. 

1.0  ...  O.Oo^  7.'d<  1.0. 

The  modeled  wake  section  is  shown  in  Fig.14.  which  is 
determined  from  experiments  rs  Fig.  4  and  Fig.  5. 


Fig.  13  Source  distribution 
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0.0667 


Fig.  14  Model  oi  wake  sen  ion 


Caldlalions  of  wave  patterns  and  wave  making  resistance 
which  are  defined  in  a  case  of  an  ideal  fluid,  whereas  its  definition 
in  a  case  of  a  viscous  fluid  is  not  necessarily  rigorous  1 1 1,  are  car¬ 
ried  out  for  the  three  cases.  Calculated  wave  proules  are  compared 
with  experiments  in  Fig.  15  and  Fig.  16  at  Fn  =  0.238  and  Fn  = 
0.255.  respectively.  At  a  center  line  of  the  ship  (the  experiment 
from  F.P.  to  A.P.  are  made  at  the  side  of  the  ship),  they  are  found 
remarkably  that  the  ease  (1)  shows  an  extraordinary  hump  at  vicin¬ 
ity  of  the  stern  and  that  it  is  kept  down  in  both  the  case  (If)  and 
(FI)  like  as  measured  values.  Gaps  of  phases  of  the  stem  waves 
between  the  calculations  and  the  experiments  of  the  case  til) and 
(III),  however,  are  larger  than  the  case  Cl).  At  10/3  times  half 
beam  b  besides  the  center  line,  the  wave  high!  of  the  case  (11)  or 
(111)  is  similar  to  the  measured  values  than  the  case  (1).  but  the 
tendenev  t-  not  the  same  about  its  phase. 

An  example  of  wave  energy  spectra  is  shown  in  Fig.  17.  of 
which  Fn  =  0.304.  Experiments  are  made  by  longitudinal  cut 
method  with  a  probe  beside  4m  from  the  center  line.  Ikcl.ata  et 
:J's  experiments  (121  arc  also  plotted,  which  was  made  by  the 
••a me  method  with  a  probe  beside  1.8m  from  the  center  line  with 
:he  same  model,  rig.  17  and  other  comparisons  show  that  the  case 
'll)  are  allowed  to  come  near  the  experiments  from  the  case  (1) 
concerning  their  magnitudes,  but  their  phases  arc  not.  and  that 
these  tendencies  are  emphasized  in  the  case  (111). 

Wave  making  resistances  are  compared  with  both  wave 
pattern  resistances  obtained  by  wave  analysises  and  residua!  resist- 
mees  from  towing  tests  in  Fig.  13.  Significant  differences  between 
the  wave  pattens  resistances  and  the  residual  resistances  are  rec¬ 
ognized  like  as  other  many  cases.  Though  one  c>  the  reasons  of 
these  differences  is  considered  to  be  the  interaction  of  a  viscous 
wake  and  a  free  surface  described  ir.  §3.  further  researches  have 
not  been  carried  out.  Fig.  18  shows  that  the  case  (111  are  smaller 
than  the  case  (I),  that  the  hump  and  hollow  of  the  wave  making 
resistance  curve  are  moderated,  and  that  these  tendencies  arc 
emphasized  in  the  case  (111).  The  case  (11) and  (111)  3gree  w  ;I1  with 
the  residual  resistances. 

Last  of  all.  stern  wave  patterns  are  shown  in  Fig.  19  and 
Fig.  20  at  Fn  =  0.23S  and  Fn  =  0.255.  respectively.  They  show 
that  the  measured  wave  height  is  much  smaller  than  the  rase  (1). 
that  a  crest  angle  of  the  stem  wave  is  larger  than  the  case  (I),  and 
that  its  start  point  is  before  the  case  (1).  The  wave  height  and  the 
crest  angle  of  the  rase  (II)  are  allowed  to  come  near  the  experi¬ 
ments.  The  wave  height*  of  the  case  (III)  is  smaller  than  the  case 
(II)  and  the  wave  pattern  lacks  clearness  extremely. 

*  The  following  conclusions  are  derived  from  the  above 
comparisons. 

fl)  The  effect  of  the  displacement  thickness  of  the  boundary 
layer  and  wake  on  waves  of  the  thin  ship  is  severe  and 
allows  the  wave  height  of  stem  waves,  wave  energy  spectra 
and  wave  making  resistances  to  come  near  the  experi¬ 
ments. 


—  calculated:  case  1 
11 
111 

.  measured 


Fig.  1 5  Wave  profiles  ( F„  =  0.238) 


y/b  =  3.333 


calculated:  case  I 
I! 
HI 

measured 


Fig.  16  Wave  pros  lies  (Fa  =  0.255' 
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Fig.  1 7  fcnergv  spectrum 
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(2)  Especially,  the  hump  and  hallow  of  the  wave  making 
resistance  curve  are  moderated  and  tile  curve  agrees  well 
with  the  residual  resistances  in  a  case  of  WM3. 

(3)  But  paying  attention  to  the  discrepancy  of  the  wave  pat¬ 
terns  and  a  shift  of  wave  energy  spectra  of  the  calculations 
to  low  values  of  0,  it  is  evident  that  it  is  not  sufficient  to 
explain  the  discrepancy  by  the  viscous  effect,  between 
measurements  and  calculations  by  potential  theories  in  a 
case  of  WM3.  It  may  be  concluded  that  WM3  of  which  B/L 
=  0. 1  is  not  so  thin  that  a  thin  ship  theory  can  be  applied. 
The  difference  between  the  waves  of  the  case  (11)  and  the 

case  (Ill)  is  interesting  as  an  example  of  an  interference  between  a 
free  surface  and  a  wake,  since  the  wake  near  the  free  surface  is 
originated  by  the  phenomena  at  the  free  surface. 

5.  CONCLUSION 

The  results  of  this  papei  are  summarized  as  follows 

i)  Using  a  first  order  representation  of  a  thin  ship  in  a  viscous 
fluid,  they  are  shown  that  both  a  viscous  damping  effect  of 
wave  propagation  and  an  effect  of  rotational  flow  of  a  wake 
are  negligible  and  that  the  most  important  viscous  effect  on 
a  wave  pattern  is  a  deformation  of  a  potential  flow  due  to 
the  boundary  layer  and  wake,  which  is  represented  by  the 
displacement  thickness 

ii)  In  order  to  know  the  distribution  of  the  displacement 
thickness,  velocity  profiles  are  measured,  as  well  as  stem 
wave  patterns  which  are  to  be  compared  with  calculations 
The  experiments  show  that 

a)  the  viscous  Wake  is  not  uniform  in  direction  of  depth 
but  spread  and  strong  near  a  free  surface,  ever-  though 
the  model  is  a  wall-sided  thin  strut. 

b)  turbulent  disturbances  exist  on  the  free  surface  corre¬ 
sponding  to  the  viscous  wake  near  the  free  surface,  so 
that  they  are  understood  to  cause  the  wake. 


~~  —  calculated :  case  1 
x  10'3  .  "  1 


Fig.  19  Wave  patterns  (Fn  =  C.238) 
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measured  calculated:  case  I  calculated:  case  11  calculated:  case  111 


Fig.  20  Wave  pattern  (F„  =  0.255) 


c)  the  displacement  thickness  and  the  momentum  thick¬ 
ness  of  the  boundary  layer  and  wake  without  the  free 
surface  effect  can  be  roughly  estimated  by  rather  sim¬ 
ple  methods  like  Truckenbrodt’s,  Tanaka-Himeno’s  and 
Squire-Young’s,  but  their  accuracy  is  not  enough. 
ii>)  Using  the  measured  displacement  thickness,  calculations  of 
wave  patterns  and  wave  pattern  resistances  are  carried  out. 
They  show  that 

a)  the  effect  of  the  displacement  thickness  on  waves  of 
the  thin  ship  is  severe  and  allows  the  wave  height  of 
stem  waves,  wave  energy  spectra  and  wave  making  re¬ 
sistances  to  come  near  the  experiments, 

b)  but  paying  attention  to  the  discrepancy  of  wave  pat¬ 
terns  or  the  phases  of  wave  energy  spectra,  it  is  evident 
that  it  is  not  sufficient  to  explain  the  discrepancy  by  the 
viscous  effect,  between  measurements  and  calculations 
by  potential  theories  in  a  case  of  WM3,  so  that  WM3  of 
which  B/L=0.1  is  not  so  thin  that  a  thin  ship  theory  can 
be  applied. 
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Appendix  A 


Appendix  B 


Tile  equations  (7)  are  derived  mathematically  as  follows. 
Let's  consider  q'  which  satisfies  an  adjoint  differential  equation 
of  a  linearized  equation  of  motion  that  is  reverse  Oseen  flow,  as 


=  -  grad  p*  + 

(A-l) 

And  introduce  an  reciprocal  integral, 

E  (q\  q  )  =  jr  /  2  e„  g;  dr  . 

~  “  Ke  v  i,|sl  3 

(A-2) 

where 

_  3u, 

"  3Xj  3Xj  ■ 

(A-3) 

Integrating  (A-2)  by  part  and  substituting  (5)  and  (2)  to  (A-2),  we 
have 


E  =  -  /  q  •  [0  +  q')-grad]  q'  dr  +  /  q  Fds .  (A-A' 

v  “  "  ~  ~  s  ~ 

where 

F  =  S  n  ;  n  is  a  unit  normal  positive  out  of  a  ship,  (/  7 

S  =  (~p8,j  +  fie„)  .  (A-6) 

From  (A-2),  (A-l)  and  (2),  we  have 

E  =  /  (q*  ■  grad)  •  q  dr  +  /q'-Fds.  (A-7) 


v  *  “  s  “ 

And  from  (A-4)  and  (A-7), 

/(?  -  F  -  q'  F  -q' -q  n,)ds 
s 

=  /q’(q'-grad)q'd7 
v  *  - 

=  4"  /  |3  q'  ■  n  ds  -  /  q  (5'  x  rot  ^')  dr .  (A-8) 

We  may  take  Oseer.lets  as  q\  since  they  satisfy  (A-l)  wiih  respect 
to  (£,  77,  f)  which  is  a  location  of  them.  Considering  their  singu¬ 
larity,  we  have 


The  equations  (7j  were  computed  iteratively  in  both  cases 
of  a  laminar  boundary  layer  on  a  semi-infinite  flat  plate  aligned 
parallel  tc  a  uniform  stream  and  a  laminar  wake  of  a  flat  plate 
aligned  pai.  ."‘el  to  a  uniform  stream  by  the  present  author  and 
other  (8),  ’riie  fluid  domain  and  the  flat  plate  are  divided  into 
many  subdivisions.  The  integrals  are  evaluated  numerically.  The 
Reynolds  number  is  chosen  as  large  enough  that  the  Blasius' 
solution  can  be  regarded  as  an  exact  solution  of  the  former  case. 
The  concrete  number  is  4x  104 .  For  such  a  high  Reynolds  number, 
any  purely  numerical  methods  can  not  be  applied,  and  asymptotic 
expansion  methods  is  helpful.  On  a  point  of  view  of  an  application 
to  various  Hows,  this  iterative  method  which  is  conbined  analytical 
method  with  numerical  method  is  hopeful.  Another  merit  of  this 
method  is  that  it  is  suitable  to  L  .w  stream-lines  and  velocity 
profiles  Before  computing  fluid  fields  around  complicated  shapes 
of  body,  it  is  necessary  to  compute  the  fluid  flows  about  simple 
cases  and  to  compare  them  with  other  known  results.  This  was 
the  reason  why  they  chose  the  former  case. 

The  computed  velocity  profiles  of  the  former  case  are 
shown  in  Fig.  A-i,  where  x  =  0  is  taken  at  the  leading  edge  of  the 
.  :t  plate  It  is  shown  that  they  tend  to  the  Blasius'  solution  from 
seen’s  approximation  which  is  the  first  step  solution  of  this 
iteration. 

For  the  latter  case,  the  computed  converged  velocity 
profiles  are  shown  in  Fig.  A-2,  where  x*  =  0  is  taken  at  the  trailing 
edge.  An  overshoot  can  been  seen  in  the  outer  part  near  the 
trailing  edge,  in  Fig.  A-3  the  computed  velocity  profiles  near  a 
center-line  are  compared  with  the  lowest  deck  solution  of  the 
triple-deck  theory  by  Jobe  &  Burggraf  [  1974) ,  which  is  one  of  the 
most  reliable  solutions  of  this  problem  at  present,  though  it  is 
not  fully  satisfactory,  because  a  drag  have  not  been  obtain  with 
correction  of  0(R;' ),  which  is  not  so  small  compared  with  the 
solution  of  0(Re"7iB ).  These  results  approximately  coincide  with 
each  other  near  the  center-line.  It  means  the  results  of  this 
iterative  computation  converge  to  reasonable  solution,  though 
they  include  some  errors  of  discrete  computations  and  others. 

The  obtained  drag  coefficient  CD ,  to  which  leading  edge 
effects  which  are  safely  estimated  by  Imai’s  formula  [  1957],  since 
Re  is  sufficient  large,  is  added,  is  as  follows , 


Co 


1.328 

,'40000 


+  0  00016 


2.226 

40000 


(B-l) 


q'  3  / (T-F  -  q'-f  -  T  q'n,  lq'  l:  1  -n)ds 
s  ~  —  2  -  “  ” 

+  /I(q'xrotg;)d7,  (A-9) 

for  (x,  y,  z)  in  V.  For  (x.  y,  z)  out  of  V,  the  left  hand  side  of  (A-9) 
equals  zero.  We  assume  that  both  inside  and  outside  flow  of  V 
satisfy  the  boundary  condition  (4),  namely 

^  =  -I  •  (A-10) 

Since  the  inside  flow  is  apparently  uniform,  F  of  inside  flow  is 

F=-Pdl,  (All) 


If  we  express  CD  in  a  form  as 

C„  =  1.328  Re-,/3  +d  R,-™  ,  (B-2) 

The  coefficient  d  becomes  2.32  from  (B-l),  which  is  comparable 
With  2.694,  2.661  and  2.651  ±  0.003,  which  are  given  by  Jobe  & 
Burggraf,  by  Melnik  &  Chow  (1975)  and  by  Veldman  &  van  de 
Vooren  [  1 974) ,  respectively.  They  say  the  subsequent  terms  to 
(B-2)  must  either  have  much  small  coefficient  than  the  first  two, 
or  tend  to  cancel  one  another. 

The  coefficient  d  determined  by  the  numerical  solution  with 
Re=  104  by  Dennis  &  Dun  woody  (1966),  which  is  the  larg-st 
Reynolds  number  of  all  except  the  present  authors’,  is  2.59.  It 
may  become  small  when  R,  is  very  large.  But  nothing  of  accuracy 
can  be  concluded  only  by  these  data. 


where  pc  is  a  pressure  of  inside  uniform  flow.  Taking  the  ii.side 
flow  away  from  outside  flow  (A-9),  we  have  the  equations(7). 
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Discussion 


Y.  Himeno  (Umv  ot  Osaka  Pieieciure) 


When  we  calculate  pressure  distribu¬ 
tion  on  the  ship  hull  by  using  displacement 
surface,  a  problem  may  arise  at  the  end  of 
the  stern.  The  displacement  thickness  may 
usually  have  a  knuckle  there,  so  that  the 
potential  flow  velocity  becomes  zero,  or 
otherwise  infinity.  I'd  like  to  see  the 
pressure  distribution  near  the  stern  which 
is  calculated  by  the  author  and  is  used 
as  an  input  of  boundary  layer  calculation. 


L.  Landweber  (Umv.  ot  Iowa > 

The  author's  solution  for  the  wave¬ 
making  of  a  thin  body  with  a  wake  generated 
by  Oseenlets  is  an  impressive  mathematical 
achievement.  Since  the  result  is  consider¬ 
ably  more  complicated  than  that  for  invis- 
cid  flow,  applications  of  this  model  to 
the  nonlinear  wave  problem  would  probably 
become  discouragingly  complicated.  It  is 
suggested  that  this  model  be  applied  to 
wake  calculations  alone,  but  that  simpler 
models,  in  which  the  wake  is  replaced  by 
an  equivalent  irrotational  flow,  be  used 
to  calculate  viscous  effect  on  wavemaking. 
These  have  the  advantage  that  the  wave¬ 
making  Green  function  for  irrotational 
flow  can  be  used,  so  that  inclusion  of 
viscous  effect  does  not  complicate  the 
calculations. 

The  simpler  model  suggested  above  is 
justified  by  the  experimental  results  of 
Gadd,  and  of  Landweber  &  Swain,  that  the 
wake  of  a  flat  plate  does  not  generate 
waves:  and  the  result,  by  T. Huang  et  al, 
that  the  pressure  distribution  of  the 
equivalent  irrotational  flow  is  in  very 
good  agreement  with  the  measured  values. 
Some  additional  comments  on  ’-esults  with 
this  simple  model  will  be  made  in  the  dis¬ 
cussion  of  the  next  paper,  by  Chang  and 
Larsson. 


H.  Isshiki  (Hitachi  S  &  E) 

I  would  like  to  express  my  sincere 
thanks  for  your  contribution  to  Prof.  Kino- 
shita,  and  it  is  very  nice  for  me  to  have 
a  chance  to  make  some  comments  on  your 
paper . 

I  think  that  the  viscosity  effect  may 
not  be  so  great  in  a  problem  like  yours. 

But  I  think  that  it  is  not  only  important 
but  also  interesting  to  clarify  the  viscous 
effect  on  the  wave  making  resistance  from 
a  theoretical  point  of  view.  Further, 
your  experience  on  this  paper  will  be  help¬ 
ful  in  future. 

Now,  in  order  to  stimulate  your  knowl¬ 


edge  ,  I  would  like  to  draw  your  interest 
to  Prof.  Lighthill's  paper  on  jet  noise, 
because  the  so-called  Lighthill  equation 
seems  to  be  useful  to  obtain  a  far  field 
solution  of  water  waves  due  to  turbulent 
or  Reynolds  stresses. 

For  example,  the  first  term  on  the 
righthand  side  of  Eq.(5a)  in  your  paper  is 
considered  to  be  a  volume  distribution  of 
force.  But  I  prefer  to  consider  this  term 
as  a  volume  distribution  of  stress.  I  ex¬ 
plain  this  in  the  following. 

From  the  equation  of  motion  and  the 
equation  of  continuity,  an  equation  for  the 
hydrodynamic  pressure  p  is  obtained  as 


=  U 


3m 

3'xj_ 


3f 

3xi 


32puj 'Uj ' 
+  3xi3xj 


(1) 


where 


Xi  (i  =  1,2,3):  Cartesian  coordinates 
U  :  velocity  of  the  uniform  flow 
u^ '  :  perturbation  velocity 
p  :  density  of  fluid 
m  :  volume  discharge 
f^  :  external  force  applied  to  water 

and  "bar"  means  to  take  the  mean  of  the 
corresponding  quantity.  When  the  Reynolds 
stress  pu{uj  is  considered  to  be  given, 

Eq. (1)  may  correspond  to  the  Lighthill 
equation  in  aeroacoustics .  In  your  case, 
the  velocity  of  sound  is  assumed  to  be 
infinity  because  of  incompressibility 
assumption. 

From  this  equation,  we  can  see  how 
each  term  on  the  righthand  side  contributes 
to  the  hydrodynamic  pressure  p.  From 
mathematical  point  of  view,  their  contribu¬ 
tions  are  clearly  different  each  other. 
Therefore,  I  prefer  to  call  the  last  term 
as  the  stress  term. 

Prof.  Lighthill  explained  based  on 
his  equation  that  the  sound  power  of  jet 
noise  is  proportional  to  the  eighth  power 
of  the  exit  velocity  of  jet  and  that  a 
jet  noise  shows  very  characteristic  direc¬ 
tionality. 

I  would  be  very  happy  if  you  could 
make  me  c: ear  about  the  following  items 
in  future  : 

(1)  Is  there  any  applicability  of 
Eq.(l)  in  my  discussion  to  your  problem  ? 

(2)  Is  similar  results  obtained  by 
using  Eq. (1)  ? 


Author’s  Reply 


T.  Kinoshita  (Umv  of  Tokyo) 


I  would  like  to  express  my  gratitude 
to  very  kind  discussions,  suggestions  and 
comments  of  Profs.  Himeno,  Landweber  and 
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ABSTRACT 

Predictions  are  presented  for  the  flow 
field,  as  well  as  for  the  resistance  com¬ 
ponents  of  a  mathematical  hull  form  at  se¬ 
veral  Froude  numbers-  To  obtain  the  vis¬ 
cous  flow  near  the  stern  a  new  boundary 
layer-wake  method  including  higher  order 
effects  is  developed  and  applied  inter¬ 
actively  with  the  potential  flow  calcula¬ 
tions  for  the  double  model  case-  The  re¬ 
sulting  displacement  thickness  is  used  for 
computing  the  wave  resistance  reduction  at 
non-zero  Froude  numbers  employing  a  numeri¬ 
cal  source  panel  method.  Comparisons  are 
made  with  results  from  thin  ship  theory 
usrng  two  different  wake  shapes. 

NOMENCLATURE 


Ship  breadth 

Entrainment  coefficient 

Skin  friction  coefficient 
(total) 

Skin  friction  coefficient 
(local)  in  x-direction 

Pressure  coefficient 
Viscous  resistance  coefficient 

Viscous  pressure  resistance 
coefficient 

Wave  resistance  coefficient 

Wave  resistance  coefficient 
for  bare  hull 

Wave  resistance  coefficient 
for  displacement  body 

Free  surface  resistance 


hi  h2  h3 
Xpx'  Xpz 

XKx'  XKz 

IKix'  XK3x' 
IKiz'  JK3Z 
K,  ,  Kj 


Ku,  K3  ? 

Ki  2  c  t  K3  2  0 
Ku,  K31 

Ki  3  0  »  K3 1 0 


V  V  Nz 


Entrainment  rate 
Froude  number  Vg //gL 
Acceleration  of  gravity 

Head's  shape  factor  for  the 
velocity  profile 

Shape  factor  for  the  velocity 
profile 

Metrics 

Pressure  integrals  defined  by 
(7a)  and  (7c) 

Curvature  integrals  defined  by 
(7b)  and  (7d) 

Curvature  integrals  defined  by 
(13) 

Constants  of  proportionality 
for  y-variation  of  hi  and  h3 

Normal  curvatures  of  surfaces 
y=const  along  lines  z=const  and 
x=const  resp 

As  above,  but  for  y  =  0 

Geodesic  curvatures  of  lines 
z=const  and  x=const  on  sur¬ 
faces  y=const 

As  above,  but  for  y  =  0 
Ship  length 

Direction  cosines  of  the  normal 
to  the  surface 

Static  pressure 

Static  pressure  on  the  surface 

Static  pressure  at  the  edge  of 
the  boundary  layer 

Radius  of  curvature  of  the  sur¬ 
face 
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n 

Rw 

U,  V,  w 

I  *  t 

u  ,  V  ,  W 

Ue'  Ve'  We 


'S 

X,  if,  Z 

x,  y,  z 

6  o 
CC 


£C 


pK 


AC 


pv 


AC 


pV  2 


5 

6* 

o 

6,  «2 

6  i  * ,  62* 

5 1 ,  fij 

8 1 1 »  012 
021,  022 
8,1*,  012*, 
021*,  022* 

8 1 1 »  0i2» 

02  I  /  0  2  2 

V 

P 

Txy'  Tzy 


Reynolds  number  Vg*L/v 

Wave  resistance 

Mean  velocity  components 

Fluctuating  velocity  components 

Mean  velocity  components  at  the 
edge  of  the  boundary  layer 

Transpiration  velocity 
Ship  speed 

Global  coordinate  system.  (X 
downstream,  2  upwards) 

Local  coordinate  system,  (x 
along  Ue,  y  normal) 

Wall  cross-flow  angle 

Pressure  change  across  the 
boundary  layer,  eq  (17a) 

Contribution  to  the  pressure 
change  by  the  normal  curvature 
of  the  surface,  eq  (17d) 

Contribution  to  the  pressure 
change  by  the  first  accelera¬ 
tion  term  in  the  y-momentum 
equation,  eq  (17b) . 

Contribution  to  the  pressure 
change  from  the  second  accele¬ 
ration  term  in  the  y-momentum 
equation,  eq  (17c) 

Change  in  wave  resistance  due 
viscous  effects 

Boundary  layer  thickness 

Defined  by  equation  (8) 

Generalized  boundary  layer 
thickness  ,  eq  (10) 

Displacement  thickness,  eq  (4) 

Defined  by  equation  (4) 

Generalized  displacement  thick¬ 
ness,  eq  (10) 

Momentum  thicknesses,  eq  (4) 


Defined  by  equation  (4) 


Generalized  momentum  thick¬ 
nesses  ,  eq  (10) 

Kinematic  viscosity 
Density 

Wall  shear  stress  in  x  and  z 
directions  resp. 


1.  INTRODUCTION 


Already  some  35  years  ago  interactive 
viscid-inviscid  calculations  for  2-D  wings 
were  carried  out  by  Preston  El]  .  Since 
then  a  large  number  of  methods  for  both 
types  of  flow  have  been  developed  and,  by 
matching  calculations  of  the  two  kinds  us¬ 
ing  the  displacement  thickness  concept  (see 
Lighthill  [2]  )f  good  results  might  be  ex¬ 


pected 

To  be  able  to  obtain  the  displacement 
thickness  close  to  the  stern  it  could,  how¬ 
ever,  be  necessary  to  include  higher  order 
effects  in  the  boundary  layer  calculations. 
For  axisymmetric  cases  such  effects  were 
taken  into  account  in  the  methods  by  Dyne 
[3],  Nakayama  [4]  and  Huang  [5],  developed 
in  the  mid-seventies.  Even  more  recent  are 
the  attempts  to  produce  higher  order  3-D 
methods.  Spalding's  group  [6],  [7]  developed 
a  very  ambitious  finite  difference  proced¬ 
ure  taking  into  account  the  normal  pres¬ 
sure  variation  as  well  as  the  crosswise  mo¬ 
mentum  diffusion.  Another  interesting  ap¬ 
proach  was  presented  by  Mori  in  1978  18] 
considering  separation.  The  potentials  of 
these  methods  have  not  yet  been  fully  ex¬ 
ploited. 

The  most  recent  attempts  to  the  prob¬ 
lem  were  reported  at  the  SSPA-ITTC  Workshop 
on  Ship  Boundary  Layers.  Soejima  et  al  l 9] 
presented  a  finite  difference  method  in¬ 
cluding  the  normal  pressure  variation  and 
other  effects  of  the  curvature  of  the  sur¬ 
face,  and  Nagamatsu  [10]  gave  results  from 
an  integral  method  having  similar  features, 
in  Section  2  of  this  paper  a  new  integral 
method  is  developed.  I  takes  the  essential 
higher  order  effects  into  account  and  the 
results,  which  are  given  ;n  Section  3,  show 
a  marked  improvement  as  conpared  to  the 
first  order  ones. 

In  Section  3  the  double  model  poten¬ 
tial  flow  is  used,  but  this  restriction  is 
released  in  Section  4,  where  the  previous¬ 
ly  computed  displacement  thickness  is  em¬ 
ployed  for  estimating  the  magnitude  of  the 
wave  resistance  reduction  due  to  viscous 
effects.  This  has  since  long  been  a  con¬ 
troversial  issue  and  there  have  been  two 
essentially  different  ways  of  handling  the 
wake.  Laurentieff  [ 11] ,  Wigley  [  12]  and  Mil- 
gram  [  13]  assumed  the  wake  to  be  parallel 
aft  of  the  stern,  which  resulted  in  a  very 
low  wave  drag  reduction.  To  get  more  realis¬ 
tic  results,  Wigley  closed  the  displacement 
body  in  a  cusp  at  some  distance  behind  the 
body.  This  had  been  tried  earlier  by  Have¬ 
lock  [ 14]  and  resulted  in  very  substantial 
reductions.  Maruo  [15]  varied  the  wake 
shape  more  systematically  considering  the 
wake  width  variation  aft  of  the  stern.  More 
reasonable  results  were  then  obtained.  In 
all  investigations  mentioned,  the  thin  ship 
theory  was  used  for  the  potential  flow, 
while  no  calculations  were  carried  out  for 
the  viscous  wake,  which  was  just  chosen 
arbitrarily. 

Himeno  [16]  and  Kang  [17]  were  the 
first  to  compute  the  wake  using  extended 
boundary  layer  theory,  and  recently  Mori 
[18],  [19]  used  his  asymptotic  expansion 
method,  mentioned  above,  for  computing  the 
wake  velocities,  which  were  introduced  in 
the  low  speed  theory  of  Baba  [20]  to  check 
the  influence  of  viscosity  on  the  wave  drag. 
Mori's  work  seems  to  be  the  first  one, 
where  a  modern  method  for  3-D  viscous  flows 
has  been  combined  with  a  wave  resistance 
method  applicable  to  ships  of  normal  full¬ 
ness.  These  are  the  features  also  of  the 
present  work. 
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2.  METHODS  USED 


Three  different  potential  flow  methods 
have  been  used:  Hess  &  Smith's  for  the 
double  model  case  and  Chang's  source  panel 
method  together  with  thin  ship  theory  for 
the  non-zero  Froude  numbers.  The  first  and 
last  are  so  well  known  that  no  presentation 
seems  necessary.  Relevant  references  are 
[21J  and  [22]  respectively.  Chang's  method 
has  also  been  presented  elsewhere,  see  [23] 
and  [24],  so  it  is  described  only  very 
briefly  in  paragraph  2.1. 

The  boundary  layer  and  wake  calcula¬ 
tions  have  been  carried  out  using  Larsson's 
method  [25  ] ,  which  has  been  extended  to 
take  into  account  higher  order  effects  close 
to  the  stem.  Appropriate  modifications  for 
computing  tne  wake  have  also  been  intro¬ 
duced.  A  very  brief  account  of  the  basic 
method  is  given  in  2.2,  while  in  2.3  and 
2.4  the  new  improvements  are  described  more 
in  detail. 


2.1  Chang's  Method  [23]  and  [2 4 ] 


In  its  most  general  form  Chang's  method 
computes  ship  motions  in  a  seaway,  taking 
into  account  the  effect  of  forward  speed. 

The  computer  program  employed  in  the  pre¬ 
sent  investigation  is  however  specialized 
for  the  case  with  no  oscillatory  motions. 

The  problem  in  question  is  to  solve 
the  Laplace  equation  for  the  potential, 
satisfying  boundary  conditions  on  the  sur¬ 
face  of  the  hull  (zero  normal  velocity)  on 
the  free  surface  (constant  pressure)  and 
at  infinity  (no  disturbance  except  in  a 
wedge  behind  the  hull) .  There  is  no  method 
available  today  for  solving  this  problem 
exactly,  but  an  approximation,  the  so 
called  Neumann-Kelvin  problem,  is  easier 
to  attack.  In  this  simplification  the  free 
surface  boundary  condition  is  linearized 
and  applied  at  the  undisturbed  level  of  the 
water.  Covering  the  submerged  part  of  the 
body  with  Kelvin  wave-making  sources, this 
condition  as  well  as  the  condition  at  in¬ 
finity  are  automatically  satisfied.  The 
body  boundary  condition  yields  an  integral 
equation  for  the  source  strength  and  from 
the  corresponding  solution  the  potential 
can  be  computed  anywhere. 

In  Chang's  method  the  Neumann-Kelvin 
problem  is  solved  by  discretization  of  the 
integral  equation.  The  surface  of  the  hull 
is  approximated  by  a  large  number  of  panels, 
each  one  having  a  constant  source  strength. 
Since  the  sum  of  the  contributions  from  all 
panels  plus  the  undisturbed  velocity  shall 
yield  zero  normal  velocity  at  the  centre  of 
each  panel  a  set  of  linear  equations  in  the 
source  strength  may  be  formulated.  The  sol¬ 
ution  yields  the  potential  at  any  point  by 
integration  over  the  panels.  Velocities  may 
then  be  obtained  by  differentiation  using 
either  finite  differencing  or  spline  tech¬ 
niques. 


2.2  Larsson's  Basic  Method  [25] 


Larsson's  method  for  3-D  turbulent 
boundary  layers  is  of  the  integral  type, 
making  use  of  a  co-ordinate  system  based  on 
streamlines  traced  from  the  potential  flow 
results.  Solutions  are  obtained  along  each 
individual  streamline  by  Runge  Kutta  inte¬ 
gration  of  the  governing  equations,  keeping 
derivatives  across  the  streamlines  constant 
in  each  step.  By  iteration  the  derivatives 
are  updated  using  spline  functions  along 
tl.e  equi-potential  lines. 

Head's  entrainment  equation  [27]  isusea  as 
auxiliary  relation  and  several  formulae  due 
to  Michel  et  al  are  employed  for  connecting 
the  integral  thickness  and  for  computing 
the  skin  friction. 


2.3  A  Method  for  Computing  the  Thick  Bound¬ 
ary  Layer  Close  to  the  Stern 


The  derivation  of  the  governing  equa¬ 
tions  for  the  higher  order  method  is  de¬ 
scribed  in  a  condensed  form  in  the  follow¬ 
ing.  More  details  are  given  in  [26]. 


2.3.1  Governing  Equations 


The  governing  equations  are  (see 
NOMENCLATURE) 


K,fx  +  V  !£  +  eM  +  K!jUV  +  (KijU~K5:W)K  + 


.  1  3  (p/D)  .  1  3  „ 

+  h, —  Firry  sy(h!h»ixy/e)  -  0 


JJ.3V...  3V,W_3V 
hj  3x  v  3y  h3  3z 


+  =  o 

3y  0 


K,f  +  +  <k5!w-k,3u)u  +  ksjvw  + 


+  ibi(P/0)  -  hTbT  37(hlh3V0)  =  °  (lc) 


1  3U  ,  3  V  ,  1  3W  .  „  „  ,,  . 

h.m  +  Ty  +  h,3~  +  Ks:U  +  (K‘J+  Ks:,V  + 


+  K,,W  =  0 


As  to  the  mean  flow,  equations  la,  c  and  2 
are  identical  to  the  set  of  second  order 
equations  derived  by  Nash  s  Patel  [37]  Terms  of 
order  6/R  and  larger  have  been  retained.  In 
lb  Nash  S  Patel  drop  the  first  three  terms 
as  being  of  too  high  order.  This  does  not 
seem  justified  in  the  present  case  since  it 
would  imply  that  the  pressure  variation 
across  the  boundary  layer  should  be  deter¬ 
mined  by  the  normal  curvatures  of  the  sur¬ 
faces,  y  =  const  (Ki.  resp  K32),  i .e.  es¬ 
sentially  the  curvatures  of  the  hull  surface, 
while  in  reality  the  streamline  curvature 
close  to  the  stern  may  be  of  the  opposite 


F  I 


jLiaalA 


sign. 

In  Nash  4  Patel's  derivation  the 
Reynolds  stresses  are  assumed  to  be  of  the 
order  6/R.  This  coupling  of  stresses  to 
the  boundary  layer  thickness  seems  however 
doubtful  and  at  least  for  axisymmetric 
cases  [4]  the  magnitude  of  the  stress  terms 
does  not  generally  increase  when  approach¬ 
ing  the  stern.  To  shed  some  light  on  this, 
an  experimental  investigation  is  under  way 
at  SSPA,  but  meanwhile  only  the  stresses 
of  first  order  theory  are  retained.  Apart 
from  the  inclusion  of  v'*  in  the  pressure 
term  of  (lb)  in  Soejima's  et  al  [9]  equa¬ 
tions  they  are  then  identical  to  the  pre¬ 
sent  ones. 


The  first  six  are  known  from  first  order 
theory  while  the  latter  six  are  new.  The 
factor  y  in  the  kernel  appears  whan  intro¬ 
ducing  the  expressions  (3)  in  the  equations. 
If  the  metrics  are  assumed  independent  of 
y  all  the  starred  quantities  vanish.  This 
assumption  is  made  by  Nagamatsu  CIO]. 

Two  relations  follow  directly  from  the 
definitions 

0i2  =  S2I  -  6j 


Using  (4)  the  momentum  integral  equa¬ 
tions  may  be  written 


2.3.2  Metrics 

Since  the  normal  curvatures  of  the 
surface  are  now  considered,  the  metrics  hi 
and  h3  become  functions  of  y.  In  the  pre¬ 
sent  approximation  a  linear  dependence  is 
assumed 


-L  +  (2G..+  6.)  _! _  +  _L  liil  + 

hi  ,TF  “* !  1  Ueh,0  hlc  5  2 

+  (0i2  +  02 i)(fr4 —  tv-  +  k:2o'  +  K  (0,.  -  ?i})  + 
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Ueh  ,0  3z 


assumed  ,  ,  *  *  i  3Ue  ^  3~,?  i 

hj=hli(  (x,z)(!+K,y)  j  h3=  h  j0(x»2)(l+K,y)  (3)  +  K>L  (Ueh3o  Tz  +  Kl ,o)  +  ETo-^- l  + 


1 


tfie  "^urkce6  *-a^:en  as  the  normal  curvatures  of 

Ki  =  K, 2  0  K3  =  K32  o 

h2  is  still  assumed  identically  equal  to 
unity ,  and  this  has  already  been  introduced 
in  the  equations  above. 

2.3.3  Momentum  Integral  Equations 

The  derivation  of  the  two  momentum 
integral  equations  in  the  x  and  z  directions 
follows  in  principle  the  one  for  the  cor¬ 
responding  first  order  equations.  After  in¬ 
tegrating  the  equations  in  the  y-direction 
it  is  convenient  to  introduce  the  follow¬ 
ing  integral  quantities 


*(0,2+021)^2-1  + 

1  .  3Ue 
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The  "I"  quantities  on  the  right  hand 
side  member  are  integrals,  which  appear 
due  to  the  inclusion  of,  on  the  one  hand, 
pressure  gradients  through  the  layer  (Ipx, 

I  )  and,  on  the  other,  normal  curvatures 
of  the  surface  <I~„,  IK,).  They  are  defined 


o 

6 


as 

I 


*  r  u> 

02  2  =J-yu-*dy  (4) 


px  hiehJ0U 


Kx  hioh3oU, 


^Kx*  Kz 

;  -  ?> 
6 

jJhjhjK^UV  dy 


(7a) 

(7b) 
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Xpz  =  hI7h77ulJhi(3z(P/D)~  «e*h*K»)dy  (7c)  E77  33x‘  +  2°*:{UeL  '»*  +  Kjis)  + 


3°« 


“■Kz  h|-h'-r,-J  1  ^ i h 3 K s 2 VW  dy 
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(7d) 


The  pressure  integrals  are  not  symmet¬ 
ric  with  respect  to  x  and  z  since,  in  the 
streamline  co-ordinate  system  used,  Wg=  0. 

2.3.4  The  Entrainment  Equation 

As  auxiliary  relation  the  entrainment 
equation  is  used.  Defining  5*  by 

5* 

5*  =  2  (8) 

the  equation  may  be  written 
0eKJS  J6-«.)*Kj(£*-5?)  j  - 

+  hTo  fx^ef ( 5 j ) +K 3  <6*— 6*) J  - 

-  VsJwu'hT.skh**^]  - 

=  (1+Kj  6)  (1+K35)E 

where  E  is  the  entrainment  coefficie 
which  Head's  relations  may  be  used. 

2.3.5  Transformation  of  the  Equations  to  a 
More  Convenient  Form 

The  general  idea  is  to  try  to  make  the 
equations  (6)  and  (9)  as  similar  as  poss¬ 
ible  to  the  first  order  ones,  .so  that 
existing  computer  programs  can  be  used, 
without  much  modification.  To  achieve  this 
six  new  quantities  are  introduced. 

_  * 

3 1  i  =  Sji  +  K  3  3  * i 

__  * 

C  I  2  =  6  I  2  +  K  !  3  ]  2 


-'2  1  “  v  2  1 


+  K3e5 


@2  2  =  $2  2+  K*  62  J 


I  36  j  2  .  w 

+  - -  — ■  +  0  2  ?  (  n— c —  — rK  150) 

h3 0  3z  2  U  h, 0  3z  15 


e-i5 
2 


-K13S(e1.  +  i,-62  2  S=-|tanB5+Ips,+IKiZ+IKj2 


(lib) 


=-3-  fu  ( C  — 6  1  )  1  + 
ill  0  3x  l  e'  j 


UeKjij(6-6:}  - 


HIT  fz<ve6*>  -yeK!)c6i=  (1+Kl£)  (1+K36)e 


(12) 


wnere 


T  *  *  1 

~K:  [(s,  2+e2  J  >(5— fT77  “5f  +  - 


-  02 


5Ki^ 
:  h  1  0  3  z 


(9) 

for 

IK,x 

=  -K 

=  -Kj[(29i,  +  6,)u"  *  Kj  ,  o  (3,  :-02  2  )  L 


.  j  3K, 

‘  h  1 0  3x 


K,z 


II 

A 

U) 

•J  2  3He 
JJVUeh3s  3* 

*  *  *  ■)  3^' 

—  (  a , 

\  W  I 

i+6l+6l?)  h,“5T 

ik3z 

=  IK2  -  K,[29,’ 

) 

3Kj 

h;  e 

~3ir e?i 

*  *  *  ’ 

)ii+5i+92  2) 


3U 


+  K, , e)J  - 


(13) 
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The  equations  (6)  and  (9)  may  now  be 
written 


*MU 
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The  equations  (11)  and  (12)  differ  from 
the  corresponding  first  order  ones  in  three 
respects:  the  pressure  and  curvature  inte¬ 
grals  (13)  on  the  right  hand  side,  the  bars 
over  certain  quantities  and  the  terras  pro¬ 
portional  to  [  (1/Ueh3 c) SUg/az  +  Ki3cK  The 
latter  sum  is  zero  in  first  order 
theory,  provided  streamline  co-ordinates 
are  used. 

Now  it  turns  out  to  be  possible  to  use 
ordinary  first  order  computer  programs 
without  too  many  alterations.  Apart  from 
the  inclusion  of  the  sum  just  men¬ 
tioned,  the  following  new  relations  are 
needed. 
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1. 


Relations  to  compute  initial  values  of 
6 1  j ,  0  2i  and  6-6 i,  g i ven  9 ,  j ,  0 2 1  and  H,  2 


2,  Relations  to  compute  the  'I*  integrals 


ably  simpler  in  this  case,  the  general 
expressions  will  not  be  given  here. 

Integrating  equation  (lb)  considering 
(14)  and  (15)  there  is  obtained 


3.  Relations  to  compute  the  "barred" 
quantities  in  the  crosswise  derivatives 
knowing  8n,  02s  and  Hi2 

4.  Relations  to  compute  6 i i ,  02 i  and  H; t 
from  o’;  j,  1?2i  and  6-6 ; 

Having  introduced  this  new  information 
the  original  computer  program  may  be  used. 
The  governing  equations  will  yield  the 
"barred"  quantities  as  solutions  but,  using 
relations  1  and  4  above,  the  input  and  out¬ 
put  will  be  the  ordinary  integral  quanti¬ 
ties.  As  a  matter  of  fact  the  changes  to 
the  program  reduces  to  less  than  IOC  Fortran 
statements. 

2.3.6  Velocity  and  Pressure  Variations 
across  the  Layer 


In  order  to  compute  the  necessary 
relations  listed  above  some  information  is 
needed  on  the  distributions  of  velocities 
and  static  pressure  across  the  boundary 
layer. 

For  the  tangential  velocitiy  compo¬ 
nents  the  well-known  power-law-Magor 
assumptions  are  made 


&CP  =  ^pvl1  "  <-'/5)1/n+2]  + 

+^pvzf1-{y/6)2]"iiCpK[1'(y/6,2/n+1 1 


where  n  =  H--y  — 
p-pe 

*cp  =  t— r 

?sue 


AC  -  I  L 

°  pv  (Hi2+3)U  hs03xV  6/ 


:  .  fvey 

pv2  \xrj 


AC 


PK 


2Ki  6 

H 1  2 


(16) 

(i“e> 

(17o) 

(17=) 

(17d) 


C  ,  C  2  and  C  are  the  contributions 
from  the*rirst  second  and  fourth  term  re¬ 
spectively  in  equation  (lb) .  The  first  two 
are  of  order  0( ( 6/R) 2 )  while  the  third  one 
is  of  order  0(5/R). 


1  » i  r~1 

k  •  (tf  -  (?)  ~T~ 

'l4M 

while  for  the  normal  velocity  a  linear 
variation  is  assumed 

V  _  y 

V  ~  6  (14c) 

e 

The  pressure  variation  is  obtained  by  the 
integrating  equation  (lb).  If  this  is  done, 
employing  equations  (14) ,  a  quite  compli¬ 
cated  expression  appears.  It  may  however 
be  simplified  considerably  making  an  order 
of  magnitude  analysis  of  the  different 
terms.  In  the  relations  given  below  the 
following  assumptions  are  made 


2.3.7  The  Hesessary  New  Relations 

Since  the  governing  equations  (1)  in¬ 
clude  terms  of  order  0{6/R)  the  integrated 
equations  (6)  are  of  order  o((6/R)i)-  This 
is  the  order  of  magnitude  considered  in 
most  relations  below.  However,  as  mentioned 
above,  the  pressure  integrals  are  evaluated 
to  higher  accuracy. 

Introducing  the  velocity  profiles  (14) 
in  the  definitions  of  the  integral  thick¬ 
nesses  (4)  and  (10)  the  initial  value  of 
the  "barred"  quantities  may  be  obtained 
from  6)j,  02 j  and  H.*. 


9n  =  6;i \1+K3A(H:2)Ss  i) 
@2 !  =  9j  > 


(13a) 

(18b) 


6-6]  =  0-6-.+- 


K  j  6  j  js 


-lBJ(jr;2)-AfHi2)«2  2+l)] 
(180 


x,  z,  U,  h,,  h,  =  0(1) 

y,  V,  W,  Ki6,  K j 5  =  0(6/R)  (15) 

Only  terms  of  order  0(1)  and  0(o/R)  will 
be  retained. 

The  condition  K  ■=  0(6/R)  is  recogniz¬ 
ed  as  the  small  cross-flow  assumption. 

This  is  not  a  necessary  condition  for  the 
theory  and  it  has  not  been  applied  when 
deriving  the  governing  equations  (11)  and 
(12).  However,  in  the  computations  to  be 
presented  in  this  paper  the  small  cross- 
flow  assumption  has  been  employed ,  and 
since  the  necessary  relations  are  eonsider- 


vhere  A (Hi  2)  and  B(Hi2)  are  functions  of 
Hi  2. 


A(Hi2) 

_  H.jMHu+l) 
(Hu-1)  (H..2+3) 

(19a) 

H.^Hu+l) 

B(Hl2) 

HS}-1 

(19b) 

A  procedure 

for  computing  6-61 

from  uj,  and 

Hi  2  is  already  available  in  the  first  order 
theory. 

The  curvature  integrals  IRlx»  IK3x, 
^Klz '  an<*  ^32  defined  in  (13)  may  be 
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evaluated,  using  the  velocity  profiles  (14) 
in  the  definitions  (4)  of  the  "starred" 
quantities. 

_  _  2K,VP0: ;  B (H i ; ) 

JK1X  "  Ue  H. 2+3  20a) 

r  H . 2+5  SU  1 

iK3x  -  -K.6»fA‘H^>[26-hl7H  +  K”  =  j  (20b) 


IRl2  =  0.5K.K, ,o0,,  A(H;!) (H,2+3)  (20c) 

Ik32  =  0  (20d) 

The  pressure  integrals  Ipj,  and  Ip2 
(7a,  c)  can  be  obtained  by  introducing  the 
pressure  given  by  equations  (1*>)  and  (17) 
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To  second  order  the  "barred"  quantities 
in  the  cross-wise  derivatives  are 

S'.  2  =  9;  j  (22a) 

92?  =  eJ2  (22b) 

r  K  5.  ,B(H.  j)  (H,  j+l)  -l 

6i  =62,1+  ‘  Hj  j+7 - ]  (22c» 

while  the  last  relations  required  are  ob¬ 
tained  by  inverting  equations  (18) 


1+4K jA (H j  2 ) 3 1 ,  -1 
2K,A(fiI.) 


:k3*o) 
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2.4  A  Method  for  Computing  the  Wake 


The  basic  difference  between  the  bound¬ 
ary  layer  and  the  wake  is  the  inner  boundary 
condition.  In  the  boundary  layer  the  stress¬ 
es  between  the  surface  and  the  flow  retard 


the  velocity  to  zero  on  the  surface,  while 
in  the  wake  no  such  retarding  stresses 
exist.  The  velocity  at  the  center  of  the 
wake  therefore  increases  from  zero  at  the 
trailing  edge  to  the  undisturbed  velocity 
at  infinity.  Apart  from  the  difference  in 
boundary  condition  the  wake  should  behave 
like  a  boundary  layer,  so  the  same  computer 
program  can  be  used  with  seme  modifications. 
The  most  obvious  change  is  to  put  the  skir. 
friction  identically  equal  to  zero  which  is 
easily  done.  The  relevance  of  other  empiric¬ 
al  relations  in  the  program  is  however 
more  difficult  to  establish. 

Since  the  inner  velocity  does  not  drop 
to  zero,  it  seems  to  be  necessary  to  ex¬ 
change  the  assumption  for  the  longitudinal 
velocity  profile.  In  the  program  all  profile 
assumptions  (which  are  never  written  out 
explicitly)  are  based  on  similarity  solu¬ 
tions  by  Michel  et  al,  using  their  differ¬ 
ential  boundary  layer  method.  The  longitudi¬ 
nal  and  cross-wise  profiles  are  tied  to¬ 
gether  so  exchanging  one  means  that  the 
other  one  cannot  be  used. 

In  the  present  approach  an  approxima¬ 
tion  of  Coles'  wake  function  is  employed 
for  the  longitudinal  velocity  profile, 
while  Hager's  assumption  is  used  for  the 
err  is-flow. 


M  =  1  ->cos;^i  ^ 
Ue  1  ACOS  \2  6 J 


Introducing  these  expressions  in  the 
definitions  of  the  basic  integral  parameters 
the  following  relations  appear 


'll=  o(AjA-Aj)  ) 


"-£  tar.Ss  (Aj-Ai?.) 

■  tar.B;  (Ai-— Aj?,*) 

■6  tan2 8, (At-A7A+A8>.2 ) 


n  =  ij  +  a. 


By  definition  HSJ  =  Oj/Su,  which  yields 


H,.  = 


A; —At  k 


A,  H,,-l 


The  constants  A, -A,  attain  the  following 
nisaerieal  values 


0.375 
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A j  =  0.333 
A.  =  0 . -68 


A,  =  0.233 
At  =  0.200 
A,  =  0.359 
A8  =  0.165 

Since  the  centerplane  is  used  as  the  inner 
boundary  of  the  wake  the  normal  curvatures 
are  identically  zero,  so  the  "starred" 
quantities  and  the  curvature  integrals 
will  disappear.  Parts  of  the  pressure  inte¬ 
grals  I  and  I  are  however  still  left, 
px  pz 

An  important  quantity  for  the  entrain¬ 
ment  equation  is  the  shape  factor 
H,  =  (£-5,1/9  .  Using  (25a.  b)  and  (26b) 

this  can  ba  related  to  H,2  as 


According  to  Head's  theory  [27] the 
entrainment  rate  may  be  related  to  H,  via 
the  relation 

C  =  §  =  0.0306(H«-3.0)~°*'S3  (29) 

ue 

This  is  compared  in  Fig  2  with  experiments 
and  with  a  relation  due  to  Kang  117] 

C,.  =  0.11299  -  0.048275  InH,  + 

+  0.0051395  (lnH, ) *  (30) 


-  rW*«  *4  US* 

- Kcftj  pnt*r*  «it)C 

9  ***« 

S  «  d 


Equation  (27)  is  compared  with  Head's 
127]  relation 

H,  =  1.535(H_;-0.7)_J*J*S+  3.3  C28) 

in  Fig  1,  where  the  results  from  three 
different  experimental  investigations  are 
also  plotted.  Ceviay  t  Kovaznay  128] 
measured  the  wake  behind  a  flat  plate,  Kang 
1 17  ] investigated  the  flow  behind  a  thin 
ship  model  and  Himeno  et  al  1 16  ]  studied  the 
wake  of  a  Series  60,  C„  =  0.70  model*. 
Although  the  points  are  scattered,  it  seems 
obvious  that  the  relation  (27)  represents 
a  better  average  than  (28),  except  perhaps 
for  the  largest  H|{:s  (close  to  the  stern). 


$ 


- ftlMM  «Kk  ini 

*  C**Tt*y  «  KuMM; 

c  H  mvtm  «l  « 
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Fig  1  Different  relations between  H.  _  and  H, 


Fig  2  Different  -elations  for  the  entrain¬ 
ment  rate 

Two  conclusions  may  be  drawn  from  this 
Figure:  the  scatter  is  large  and  Head's 
relation  yields  too  low  C  *s  in  the  wake. 

Due  to  lack  of  better  infSrnation  Kang’s 
relation  (30)  is  chosen  here. 

In  Fig  3  results  from  the  present 
method**  are  shown  together  with  Kang's 
measurements  in  the  wake  of  his  thin  model . 
Changing  from  (28)  to  (27)  abruptly  at  the 
stern  causes  a  sudden  drop  in  H„.  In  real¬ 
ity,  this  change  takes  place  over  a  certain 
distance  behind  the  hull.  Ho  general  rela¬ 
tions  are  at  hand  for  computing  this  de¬ 
velopment  but  as  a  first  approximation  it 
sight  be  related  to  the  momentum  thickness 
at  the  stem.  Judging  fm®  Fig  3,  the  pre¬ 
dictions  sees  to  merge  with  the  experiments 
at  about  x  =  1.15  which  corresponds  to  a 
distance  about  60  times  the  stern  momentum 
thickness.  A  similar  result  is  obtained 
when  predicting  the  wake  of  Chevray  t 
Kovaznay.  Therefore  in  the  present  calcula¬ 
tions  the  relation  (28)  gradually  turns  into 
(27)  according  to  the  formula  (for  0  <  X-L< 
*  60=,) 


*  Unfortunately  this  work  is  not  fully 
documented  in  English. 


••  Without  higher  order  effects.  The  model 
is  very  thin  (L/*>  =  37.7) 


H,  "  '“.a1  *  * 

'  -  £(!.‘<H-,!  <31> 


As  appears  from  Fig  3,  this  relation 
produces  a  reasonable  development  of  Hi2 
close  to  the  stern. 


Fig  3  Test  of  the  wake  method.  Kang's  fric¬ 
tion  plane  model 


3.  VISCOUS  RESISTANCE  (DOUBLE  MODEL) 
CALCULATIONS 

The  test  case  common  to  both  types  of 
calculations  is  a  mathematical  form,  usually 
referred  to  as  the  Wigley  model.  Its  equa¬ 
tion  is 

Y  =  iO.ltl  -  X2) (1  -  64  Z2 ) 

-1,0  <  X  «  l.Cj  -0,125  *  Z  «;  0,125  (32) 

A  body  plan  is  shown  in  Fig  4 ,  As  ap¬ 
pears  from  the  equation  the  side  view  is 
rectangular. 

The  reason  for  choosing  this  hull  is 
that  boundary  layer  measurements  have 
been  carried  out  in  the  presence  of  a  free 
surface,  Hogben[29  ]  measured  2-D  velocity 
profiles  at  a  number  of  stations  along  a 
20  ft  (6.1  ra)  model  in  a  towing  tank  and 
Hatano  et  al  [30]  and  Mori  [31]  recorded 
the  3-D  velocity  vector  using  five  hole 
tubes  on  the  afterbody  and  in  the  near 
wake  of  a  3  m  model  in  their  tank.  Pressure 
measurements  for  the  double  model  case  are 
available  from  Relf  [32],  A  considerable 
number  of  resistance  tests  and  wave  ana¬ 
lyses  seems  to  have  been  carried  out  for 
this  hull  (see  for  instance  [33]  ). 

Unfortunately  the  boundary  layer  data 
is  somewhat  incomplete.  In  Hogben's  case 
no  information  is  given  on  the  cross-flow 
within  the  boundary  layer  and  no  wake  data 
is  reported.  Hatano  et  al  measured  the 
velocity  at  a  large  number  of  stations  but 
in  the  lower  regions  of  the  hull  few 
points  were  located  within  the  boundary 


layer,  making  it  difficult  to  compute  H12 
accurately.  As  to  the  pressure  measurements 
there  seems  to  be  an  unusually  large  scat¬ 
ter  and  there  are  probably  some  blockage 
effects.  Nevertheless  the  advantage  of 
having  data  for  a  hull  at  different  Froude 
numbers  was  considered  so  important 
that  it  would  outweigh  the  disadvantages. 


Fig  4  Test  case  for  viscous  and  wave  re¬ 
sistance  calculations.  Wigley  hula. 


3,1  The  Calculations  Carried  Out 

Four  sets  of  calculations  have  been 
carried  out.  The  potential  flow  was  first 
comouted  for  the  bare  hull  and  the  boundary 
layer  was  calculated  using  the  original 
theory.  This  is  the  ordinary  first  order 
approach. 

To  obtain  a  better  pi  ssure  distribu¬ 
tion  close  to  the  stern,  off-body  points 
were  then  used  to  compute  the  pressure 
somewhat  outside  the  hull.  The  points  were 
located  at  the  intersection  between  the 
normals  to  the  panels  in  the  region 
0.8  ^  2X/L  4  1.0  and  a  cylindrical  surface 
of  constant  cross-section  equal  to  the  hull 
section  at  2X/L  =  0.8.  This  location  would 
correspond  fairly  well  with  the  displace¬ 
ment  surface.  Velocities  obtained  at  the 
off -body  points  were  resolved  in  components 
along  and  normal  tc,  the  surface  and  the 
latter  were  used  to  trace  streamlines,  etc, 
and  for  carrying  out  the  boundary  layer 
calculation.  Also  in  this  case  the  first 
order  boundary  layer  method  was  used. 

The  higher  order  calculations  started 
with  a  potential  flow  solution  for  off- 
body  points  located  in  a  similar  way  as 
above,  but  on  a  cylindrical  surface  having 
the  shape  of  the  mid-ship  section.  This 
should  correspond  to  the  boundary  layer 
edge.  In  the  region  0.8  ^  2X/L  ^  1,0  new 
streamlines  were  traced  on  the  hull  using 
the  off-body  velocities.  The  curvature  K1Ju 
then  had  to  be  computed  independently  (in 
first  order  theory  it  is  obtained  from  the 
pressure  distribution)  and  the  boundary 
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layer  could  be  calculated  using  the  method 
described  in  Section  2,3.  Initial  values 
were  taken  from  the  first  order  solution 
at  2X/L  =  0.8  and  the  I„and  I  integrals 
were  computed  in  advance,  taking  H12  as  1,4 
and  the  bondary  layer  thickness  as ‘the 
distance  between  the  off-body  points  and 
the  corresponding  null  point  on  the  hull. 
See  Fig  5.  Normal  curvatures  Kj2o  and  K320 
had  of  course  to  be  computed  first.  In  this 
approach  the  computations  were  extended 
into  the  wake,  using  the  method  described 
in  Section  2.4. 


general,  seem  very  scattered.  A  small  block¬ 
age  correction  (0.01  at  the  ends  of  the 
model)  has  been  applied  to  the  measured 
points , 


.  Inn«r  \ 

I  cyli  nder  ^ 

>W10  /  k-iu  io\\ 


OuUr  c»tindw 
y»6  Outflow 


Fig  5  Location  of  off-body  points. 

(Schematic) 

The  fourth  calculation  was  carried  out 
in  an  attempt  to  take  the  interaction  into 
account.  Therefore  a  set  of  transpiration 
velocities  for  simulating  the  boundary 
layer  effect  on  the  potential  flow  was  com¬ 
puted  from  the  displacement  thickness  dis¬ 
tribution  obtained  in  the  first  iteration 
(using  the  higher  order  method) ,  The  poten¬ 
tial  ‘low  was  then  recalculated  taking  the 
transpiration  velocities  as  the  body  bound¬ 
ary  condition,  and  the  off-body  solution 
for  the  outer  surface  was  used  in  connec¬ 
tion  with  the  higher  order  method,  as  de¬ 
scribed  above,  to  obtain  a  new  boundary 
layer  solution.  As  it  turned  out  that  this 
corresponded  very  well  to  the  one  from  the 
first  iteration  the  iterations  were  ter¬ 
minated. 

Drag  estimates  were  finally  made  in 
two  ways,  by  integrating  the  pressure  and 
frictional  forces  along  the  hull,  and  by 
computing  the  momentum  loss  in  the  far 
wake. 

It  should  be  emphasized  that  the  small 
cross-flow  approximation  has  been  employed 
throughout. 

3,2  Computed  Pressures 

The  pressure  distributions  along  the 
load  water-line  for  the  different  calcula¬ 
tions  are  shown  in  Fig  6.  Measurements  are 
also  given,  although  they  were  carried  out 
at  a  different  Reynolds  number  and,  in 


Fig  6  Different  pressure  computations  at 
Z  =  0  in  the  stern  region 


The  ordinary  first  order  pressure  on 
the  hull  and  in  the  wake  is  of  course  too 
high  near  the  stern.  However,  using  the  off- 
body  points  at  the  inner  cylinder  (from 
2X/L  =  0.8)  results  in  a  much  more  reason¬ 
able  development.  At  the  outer  cylinder  the 
pressure  distribution  is  smoothed  and  the 
gradient  is  much  smaller  than  the  one 
measured  on  the  surface.  Therefore  this 
pressure  can  only  be  used  in  conjunction 
with  the  computed  pressure  variation  across 
the  boundary  layer. 

The  transpiration  velocity  used  in  the 
fourth  calculation  is  computed  according  to 
Lighthill  [2],  In  principle  his  derivation 
could  be  extended  to  take  ir.to  account  high¬ 
er  order  effects  in  a  manner  similar  to  the 
one  of  Section  2,  but  this  was  not  con¬ 
sidered  necessary,  since  the  effect  of  the 
transpiration  velocity  is  in  itself  of 
higher  order, 

Liahthill's  expression  may  be  written 
in  the  following  form 

,  (  1  8ue\  36.  36, 


.ifkN  , 

510  UJv3x; 


In  accordance  with  the  small  cross- 
flow  approximation,  the  last  term  has  been 
dropped  in  the  present  calculations. 

The  pressure  computed  in  the  second 
iteration  at  the  edge  of  the  boundary  layer, 
considering  the  transpiration,  is  not  very 
different  from  the  one  on  the  outer  surface 
in  the  first  iteration.  It  is  still  very 
smooth  as  appears  from  Fig  6.  The  pressure 
on  the  hull  surface  is  obtained  by  adding 
the  change  across  the  boundary  layer,  and 
this  improves  the  situation,  as  can  be  seen 
from  Fig  6,  It  seems  however  as  though  the 
increase  is  too  small,  if  comparisons  are 


made  with  the  measurements, 

In  Fig  7  the  vertical  pressure  distri¬ 
bution  at  2X/L  =  1.0  is  shown.  Similar  con¬ 
clusions  as  from  Fig  6  may  be  drawn,  al¬ 
though  the  "final"  pressure  seems  in  this 
case  to  correspond  better  to  the  measure¬ 
ments,  The  deviation  is  most  pronounced 
close  to  the  water-line,  where  the  boundary 
layer  is  thickest.  In  this  region  the  com¬ 
puted  pressure  increase  across  the  layer 
is  too  small  to  account  for  the  difference 
between  the  computations  at  the  edge  and 
the  measurements  on  the  surface. 


Fig  7  Different  pressure  computations  at 
2X/L  =  1.0 

The  reasons  for  the  deviations  at  the  water¬ 
line  may  be  investigated  by  checking  the 
derivation  of  equation  (16),  There  are 
essentially  three  assumptions  made:  1).  The 
cross-flow  is  so  small  that  the  third  and 
fifth  terms  of  (lb)  can  be  dropped,  2)  The 
longitudinal  velocity  is  assumed  to  depend 
on  a  power  law,  where  the  exponent  is 
determined  from  Hu,  and  3)  The  normal  vel¬ 
ocity  varies  linearly  between  zero  at  the 
wall  and  the  potential  flow  V_  at  the  edge, 
Tiie  first  one  of  the  assumptions  can 
not  influence  the  results  at  the  water-line 
where  the  cross  flow  is  zero,  and  it  is 
easily  shown  that  the  components  of  1C  are 
quite  insensitive  to  the  shape  of  the  p 
longitudinal  velocity  profile  (provided 
the  shape  is  reasonable,  i.e,  HJ2  is  be¬ 
tween  1  and  2) .  The  assumption  of  a  linear 
variation  of  the  normal  velocity  thus  seems 
to  be  the  critical  one,  although  AC  _  as 
well  as  aCdK  are  independent  of  th?s,  AC 
is  on  the  other  hand  very  dependant  on  DV 
the  distribution  of  V,  and  as  a  numerical 
experiment  V  was  assumed  to  be  constant 
through  the  layer.  This  resulted  in  a  six¬ 
fold  increase  in  AC  at2X/L  =  l.c-  ,  z  =  o. 
There  are  several  ways  of  improving  the  V- 
assumption,  which  will  be  considered  in  the 
further  improvement  of  the  method, 

In  Fig  8  the  distribution  of  the  com¬ 
ponents  of  ACp  along  the  water-line  is 
given.  In  the^region  0,8  4  2X/L  4  1,0  the 
curvature  of  the  surface  is  convex,  which 


means  that  _if  che  flow  had  followed  sur¬ 
faces  of  y=const.  the  pressure  would  have 
decreased  towards  the  hull,  i.e.  AC  is 
negative,  AC  and  AC  _  are  howeve?  posi¬ 
tive,  tending7 to  increase  the  pressure. 
This  is  due  to  the  fact  that  the  flow  is 
concave  relative  to  the  surfaces  y=const. 
For  2X/L  ,$  0.9  the  concavity  is  not  large 
enough  to  counteract  the  convexity  of  the 
y=const.  surfaces  so  there  the  pressure  on 
the  hull  is  lower  than  at  the  edge  of  the 
boundary  layer .  The  opposite  is  true  for 
ZX/L^O.9.  It  is  quite  obvious  that  dropping 
the  terms  AC  and  AC  -(according  to  a 
strict  second  order  theory)  would  have  led 
to  quite  erroneous  results. 


Fig  8  Contributions  to  the  pressure  dif¬ 
ference  across  the  boundary  layer. 

z  =  0 

It  should  be  mentioned  that  the  curva¬ 
ture  of  the  surface  y=0  exhibits  a  stepwise 
change  at  2X/L=1.0  where  it  drops  from  a  fi¬ 
nite  value  to  zero.  This  is  a  weakness  of 
the  co-ordinate  system  used.  In  fact,  there 
is  a  region  close  to  the  stern,  where  the 
system  is  non-unique.  Normals  from  the  hull 
will  intersect  normals  from  the  centerplane. 
This  region  is  in  the  present  case  very 
short,  only  0,75%  of  the  ship  length, 
and  its  problems  have  not  been  considered 
in  this  work.  The  calculations  are  carried 
out  on  the  hull  all  the  way  to  2x/L  =  1.0, 
thereafter  restarting  in  the  wake.  In  this 
way  the  undeterminacy  of  the  co-ordinate 
system  is  avoided,  although  the  true  solu¬ 
tion  will  probably  not  be  obtained  close 
to  the  surface  at  the  after  end. 

The  final  pressure  plot  is  shown  in 
Fig  9.  it  represents  the  variation  of  the 
three  components  of  AC  across  the  bound¬ 
ary  layer  at  2X/L  =  1.0P  22/L  =  0,0.  The 
variation  is  computed  using  equation  (16) . 
Unfortunately  no  measurements  are  avail¬ 
able  fo”  comparison. 


•f 


Fig  9  Contributions  to  the  pressure  varia¬ 
tion  across  the  boundary  layer 
2X/L  =  1.0,  Z  =  0 


3.3  Boundary  Layer  -  Wake  Solution 

In  Fig  10  the  calculated  momentum 
thickness  along  four  water-lines  (A-D  in 
Fig  4)  is  compared  with  Hogben's  measure¬ 
ments  at  R  =  7.4  x  10ft.  The  Froude  number 
in  the  tesBs  was  only  0.156  so  the  effect 
of  the  waves  may  be  considered  negligible. 

The  calculations  were  started  at 
2X/L  =  -0.7  using  the  measured  quantities 
as  initial  data.  First  order  solutions 
could  be  obtained  up  to  the  stern,  but  aft 
of  2X/L  =  0.8  several  other  computations 
were  also  tried,  as  explained  above.  The 
curves  given  in  Fig  10  aft  of  2X/L  =  0.8 
correspond  to  the  final  solution  in  the 
second  iteration. 


Fig  10  Calculated  momentum  thickness 
along  water-lines  A-D 


As  appears  from  Fig  10  the  solution  is 
quite  good  except  for  the  aft  half  of  the 
lowest  line.  The  discrepancy  in  this  region 
is  due  to  the  sharp  keel, close  to  which  the 
boundary  layer  equations  are  not  valid.  The 
apparent  discrepancy  for  0  <  2X/L  <  0.5, 


line  B,  is  most  likely  due  to  measurement 
errors,  since  the  results  from  other  Froude 
numbers  exhibit  a  much  closer  correspondence 
with  calculations.  As  an  example  the  measure¬ 
ments  along  line  B  are  given  for  the  next 
higher  F «,  which  is  0.195. 

In  Fig  11  the  results  of  some  of  the 
calculations  of  Section  3.1  are  shown  for 
the  uppermost  line  (D)  in  the  region  0.8  < 

4  2X/L  <  1.2.  Comparisons  are  made  with 
Hogben's  t29]  measurements  (only  one  point) 
and  with  the  data  given  by  Mori  [31]  Un¬ 
fortunately,  both  the  Reynolds  and  the 
Froude  numbers  are  different  in  the  latter 
case  (3.2  x  106  and  0.200  respectively)  so 
the  comparisons  should  be  made  with  some 
care. 

The  ordinary  first  order  calculation 
based  on  the  pressure  on  the  surface  yields, 
as  expected,  a  too  large  momentum  thickness 
at  the  stern.  Making  use  of  the  pressure 
from  the  inner  cylinder  (starting  at  2X/L  = 

=  0.8)  results  in  a  more  reasonable  develop¬ 
ment  of  the  momentum  thickness.  It  seems 
however  clear  that  the  best  solutions  are 
obtained  by  the  higher  order  approach,  and 
the  difference  between  the  first  and  second 
iteration  is  quite  small,  indicating  that  a 
converged  solution  has  been  obtained.  In 
the  figure  only  the  results  from  the  second 
iteration  are  shown  in  the  wake . 
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Fig  11  Different  predictions  of  the  momen¬ 
tum  thickness  along  line  D  close 
to  the  stern 

Further  down  on  the  hull  the  differences  be¬ 
tween  the  various  solutions  become  smaller 
as  can  be  seen  from  Fig  12,  showing  the  ver¬ 
tical  distribution  of  the  momentum  thickness 
at  2X/L  =  1.0.  There  are  two  effects  of  the 
problems  at  the  keel.  The  computed  thick¬ 
ness  does  not  drop  to  zero  at  2Z/L  =  -0.125 
as  it  should,  accordina  to  the  measurements, 
and  in  the  region  2Z/L  =  -0.07  -  -0.09  there  is 
an  unwanted  kink  in  the  computations.  As 
appears  from  Fig  13  the  region  close  to  the 
keel  is  extremely  divergent,  which  means 
that  it  will  be  covered  very  badly  by  stream¬ 
lines,  which  are  evenly  distributed  around 
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2X/L  =  0.0.  Therefore  two  extra  lines  have 
been  started  at  2X/L  =0.8  and  initial  data 
has  been  obtained  by  interpolation  between 
the  keel  streamline  (which  is  fixed)  and 
the  ones  further  up.  This  yields  initial 
values  which  are  somewhat  too  high,  since 
the  divergence  further  forward  has  not  been 
fully  accounted  for.  It  is,  on  the  other 
hand,  impossible  to  trace  the  two  new 
streamlines  all  the  way,  since  they  will 
get  very  close  to  the  keel-line  at  the  mid¬ 
ship,  yielding  unreasonably  high  values  of 
the  momentum  thickness.  (In  reality  the 
boundary  layer  may  be  distributed  around 
the  keel  while  in  the  boundary  layer  cal¬ 
culations  it  is  forced  to  stay  in  the  re¬ 
gion  above  the  normal  at  2Z/L  =  -0.125, 
see  Fig  14,)  The  problems  cannot  be  avoid¬ 
ed  using  boundary  layer  theory  unless  the 
edge  is  rounded.  However,  other  coordinate 
systems  might  be  more  suitable  than  the 
present  one  in  the  lower  region  of  the  hull. 


Fig  12  Different  predictions  of  the  mo¬ 
mentum  thickness  at  2X/L  =  1.0 


—  —  First  otdtf  method 
- Higher  - *• - 


Fig  13  Computed  streamlines.  (Horizontal 
scale  1/10  of  vertical  scale) 


Fig.  14  Difficulties  at  the  sharp  keel 
line 

In  Fig  15  an  attempt  is  made  to  compare 
measured  and  calculated  cross-flow  angles 
at  2X/L  =  1.0.  Since  Hogben  did  not  measure 
cross-flow  the  only  available  data  is  Mori's. 
Unfortunately  the  innermost  point  of  his 
measured  profiles  is  at  2y/L  =  0.01  which 
corresponds  to  y/6  =  0.10-0.15.  Extrapola¬ 
tions  to  y/6  =  0.0  have  therefore  been  made. 
Also  in  this  case  the  angles  computed  by  the 
higher  order  method  are  superior  to  the  ones 
obtained  by  the  first  order  method  based  on 
the  pressure  on  the  surface.  If  the  poten¬ 
tial  flow  solution  from  the  inner  cylinder 
is  used  the  first  order  solution  is  not  too 
bad. 


Fig  15  Different  predictions  of  the  wall 
cross-flow  angle  at  2X/L  =  1.0 

The  most  important  quantity  with  re¬ 
ference  to  the  resistance  is  the  momentum 
thickness.  By  considering  its  distribution 
depthwise,  the  total  momentum  Iocs  may  be 
computed,  and  the  drag  can  be  obtained  from 
the  momentum  theorem.  To  avoid  the  influ¬ 
ence  of  pressure  forces,  the  momentum  loss 
is  conveniently  computed  "far"  behind  the 
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body.  How  far  behind  the  Integra Lion  is  to 
be  carried  out  may  be  seen  from  Fig  16, 
where  the  momentum  thickness  distribution 
is  shown  for  three  sections  of  the  wake. 
Obviously  the  change  between  2X/L  =2.0  and 
2X/L  =  10.0  is  negligible,  indicating  that 
the  integration  can  be  made  fairly  close  to 
the  body. 
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sources  in  the  wake  is  to  reduce  the  dis¬ 
placement  area  (see  Fig  17)  from  its  value 
at  2X/L  =  1.0  to  its  value  at  infinity. 
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Fig  18  Source  distribution  along  two 
water  lines 


Fig  16  Predicted  momentum  thickness  at 
different  sections  of  the  wake 

It  might  also  be  of  interest  to  look 
at  the  change  in  displacement  thickness 
(here  taken  as  6,)  with  the  distance  from 
the  hull.  As  appears  from  Fig  17  6j  adjusts 
itself  more  slowly  to  its  final  value  (which 
is  equal  to  0,1). 
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Fig  17  Predicted  displacement  thickness  at 
different  sections  of  the  wake 


The  change  in  displacement  thickness 
is  related  to  the  transpiration  velocity 
according  to  equation  (33) .  This  velocity 
is  achieved  by  adding  extra  sources  to  the 
panels  of  the  hull.  In  Fig  18  the  distribu¬ 
tion  of  such  sources  along  the  lines  B  and 
D  is  shown.  Up  to  the  stern  the  sources  are 
positive,  thereafter  dropping  to  negative  in 
the  near  wake.  The  combined  effect  of  all 


3.4  The  Viscous  Resistance 

The  skin  friction  resistance  was  com¬ 
puted  by  adding  the  contributions  from  all 
hull  panels 

Cp  =  £  Cfi  *  /T^i  -  A.  /  ZA.  (34) 

where  Cfi  was  obtained  by  interpolation 
among  tne  streamlines.  In  the  formula  the 
deviation  of  the  flow  direction  from  the 
horizontal  is  neglected  since  it  will  re¬ 
duce  the  by  less  than  1  % . 

A  problem  was  encountered  at  the  bow 
where  neither  experimental  nor  calculated 
results  exist.  It  was  assumed  that  the 
boundary  layer  was  tripped  at  2X/L  =  -0.9, 
so  laminar  Cf's  were  used  in  front  of  this 
station,  while  turbulent  C^'s  were  extra¬ 
polated  forward  to  2X/L  =  -0.9  from  2X/L  = 

=  -0.7,  where  the  computations  started.  For 
Rn  =  7.4  *  106  the  skin  friction  coefficient 
computed  in  this  way  was  3.00  «  10  !. 

To  obtain  the  pressure  drag  a  similar 
summation  was  carried  out 

CVP  =  l  CPi  ’  Nxi  *  Ai  *  f i  l35) 

CQ  in  this  expression  was  taken  from 
the  off  body  points  at  y  =  61  including  the 
transpiration  velocities.  Using  the  computed 
Cc's  on  the  hull  from  the  higher  order 
theory  might  have  been  mere  interesting, 
but  this  solution  was,  as  mentioned  above, 
only  obtained  for  0.8  4  2X/L  ^  1.0. 

In  the  bow  region,  where  very  high  c's 
might  be  expected,  the  original  panelling^ 
(288  panels)  of  the  hull  was  not  considered 
accurate  enough.  Therefore  a  very  fine  mesh 
was  used  close  to  the  stem.  For  -1.0  $ 

^  2X/L  $  -0.9  the  corresponding  pressure  gn 
£he_hull  was  employed  in  (35) .  This  is 


motivated  by  the  fact  that  61  should  be 
very  small  in  this  region  of  laminar  flow. 
For  -0.9  ^  2X/L  $  -0.7  was  obtained  by 
extrapolation  of  the  results  obtained  fur¬ 
ther  aft. 

The  viscous  pressure  coefficient,  com¬ 
puted  by  (35)  is  only  0.62  *  10-4,  or  2.6  i 
of  Cp.  According  to  Relf  [32]  Cv~  should 
be  around  2  %  of  Cp,  so  this  is  in  good 
agreement  with  the  computations.  The  accu¬ 
racy  of  Relf's  estimate  is  however  question¬ 
able  since  it  was  based  on  an  integration  of 
the  very  scattered  measured  pressures. 

For  comparison  the  total  viscous  drag 
was  computed  from  an  integration  of  the  mo¬ 
mentum  loss  at  2X/L  =  10.0.  This  yielded 
Cy  =  3.82  x  10~3. 

According  to  Relf,  the  total  viscous 
resi-.-ance  at  R.  =  7.4  x  10” 3  should  be 
3.20  x  10-3,  Adding  the  computed  frictional 
and  pressure  drags  yields  3.08  x  10“ 3  which 
seems  good  enough  considering  the  fact  that 
the  tripping  assumption  might  be  in  error. 

It  is  however  obvious  that  the  momentum 
loss  in  the  wake  is  too  large.  The  reasons 
for  this  are  being  investigated. 


4.  WAVE  RESISTANCE  CALCULATIONS 


In  this  section  the  effect  of  the  boun¬ 
dary  layer-wake  on  the  wave  resistance  is 
investigated.  To  this  end,  the  computed  dis¬ 
placement  thickness  is  added  to  the  hull  and 
wake  (centerplane)  and  the  reduction  in 
wave  resistance  as  compared  with  the  one 
for  the  bare  hull  is  sought.  Chang's  source 
panel  method  is  employed  in  these  calcula¬ 
tions.  However,  as  explained  in  the  intro¬ 
duction,  a  common  way  of  investigating  the 
viscous  effect  on  the  wave  resistance  in 
the  past  has  been  to  add  a  wake  of  constant 
thickness  to  the  hull,  thereafter  comput¬ 
ing  the  resistance  using  thin  ship  theory. 
This  approach  is  therefore  tested  first, 
and,  as  a  possible  improvement,  the  thin 
ship  theory  is  also  employed  in  connection 
with  the  actually  computed  wake.  Compari¬ 
sons  are  made  between  the  three  different 
results. 

The  displacement  thickness  to  use  in 
these  calculations  might  of  course  be  ob¬ 
tained  by  using  the  actual  pressure  distri¬ 
bution  for  each  speed  (i.e.  each  Fn  and  R  ) 
but  this  would  be  quite  time-consuming. 
Fortunately,  in  an  earlier  work  (  34  )  the 
present  authors  have  shown  that  the  bound¬ 
ary  layer  computation  based  on  the  double 
model  pressure  is  quite  reasonable  also  for 
non-zero  Fn's.  In  fact,  due  to  difficulties 
in  matching  the  upper  streamlines  to  the 
waves,  the  non-zero  Fn  computations  might 
even  be  inferior  to  the  double  model  ones. 
Therefore,  in  the  present  work,  the  dis¬ 
placement  thickness  employed  is  the  one 
obtained  in  the  calculations  of  the  pre¬ 
vious  section.  As  is  seen  from  Fig  6,  the 
Reynolds  number,  for  obtaining  the  displace¬ 
ment  thickness  was  11.3  *  10s,  correspond¬ 
ing  to  a  Froude  number  of  0.276,  the 


lowest  one  considered  in  the  wave  resistance 
calculations.  The  Reynolds  number  variation 
in  the  speed  range  may  be  considered  small 
enough  to  be  neglected. 

4,1  Calculations  Based  on  Thin  Ship  Theory 

The  wave  resistance  of  a  thin-ship  is 
expressed  as 

R  =  16ti  p  K02/  "/a  (P2hQ2)  Sec30  d0 
w  0 


with 

Ko  =  g/Vj 

and 


P  _  f  f  3Y  cos 

Q  JAJ  "  2 it  3X  sin 


(KQxsec3) 


X 


K  Zsec2e 
x  e  dA 


For  flows  without  any  viscous  effects,  the 
surface  integral  is  taken  over  the  center 
plane  of  the  hull,  but  in  the  case  of  a  hull 
modified  according  to  the  boundary  layer 
displacement  thickness  concept,  the  surface 
integral  might  extend  into  the  wake  aft  of 
the  stern.  This  is  the  case  for  shape  B  in 
Fig  19,  which  corresponds  to  the  wake  com¬ 
puted  in  Section  3.  The  integration  is  here 
extended  to  2X/L  =  2.0.  Wake  A  has  a  con¬ 
stant  thickness  which  means  that  no  sources 
exist  in  the  wake,  so  the  integration  can  be 
stopped  at  2X/L  =  1.0.  In  both  cases  the 
hull  sources  are  modified  to  account  for  6i. 

The  following  discussion  will  be  fo¬ 
cused  on  the  reduction,  due  to  viscous 
effects,  of  the  wave  resistance  coefficient, 
LCw  =  Cw  -  Cw6 ,  and  the  percentage  reduc¬ 
tion,  AC^/CW(. .  Here  CWo  is  the  wave  resis¬ 
tance  of  the  original  hull,  and  (^,6  is  the 
wave  resistance  of  the  displaced  hull.  The 
calculated  reductions  in  values  of  wave  re¬ 
sistance  coefficient  for  wakes  A  and  B  are 
given  at  five  different  Froude  numbers  in 
Table  1  and  shown  in  Fig  20.  As  one  may  note, 
in  the  case  of  wake  A,  where  the  wake  opens 
immediately  after  the  stern,  the  reduction 
of  the  wave  resistance  is  7  per  cent  at 
Fn  =  0.276  and  10  per  cent  at  Fn  =  0.313. 

With  further  increases  of  the  Froude  number, 
the  reduction  of  the  wave  resistance  becomes 
smaller,  (e.g.,  the  reduction  is  4  per  cent 
at  Fn  =  0.45).  In  the  case  of  wake  B,  a  sig¬ 
nificantly  larger  reduction  of  the  wave  re¬ 
sistance  occurs.  The  reductions  in  the  wave 
resistance  coefficients  are  approximately 
0.20  *  10~3  at  all  Froude  numbers  except 
those  near  0.313.  There  the  transverse  wave 
length  is  a  little  lc..ger  than  half  the 
ship's  length.  The  reduction  in  wave  resis¬ 
tance  for  wake  B  is  between  17  per  cent  at 
Fn  =  0.276  and  6  per  cent  at  Fn  =  0.45.  A 
comparison  of  the  results  for  wake  shapes 
A  and  B  provides  an  estimate  of  the  import¬ 
ance  of  the  wake  shape  aft  of  the  stern  when 
computing  viscous  flow  effects  on  a  ship's 
wave  resistance.  The  effect  c‘  the  wake 
shape  is  evidently  very  significant. 
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Table  1  Reduction  of  wave  resistance  for  Wigley  hull 


Table  2  Reduction  of  wave  drag  for  axisymmetric  body 


Fn  =  0.40 

Fn  =  0.45 

Fn  =  0.50 

F  = 
n 

0.55 

Form  drag 

METHOD 

acw«io3  s<ycwm 

«vi°3  «ycw(*> 
o 

ACW*103  Acyc^) 

AC  *10 3 
w 

Acycw(%) 

V10’ 

Chang's  method 
Rn  =  6. 6* 10 6 

.13 

11 

.20 

9 

.20 

7 

.12 

5 

.22 

Slender  body 
Rn  =  6 . 6* 106 

.15 

14 

.28 

12 

.28 

9 

.22 

8 

.22 

4.2  Calculations  Using  Chang's  Method 

In  Chang's  source  panel  method  the 
pressure  is  computed  at  the  control  points 
of  each  panel.  The  total  pressure  resis¬ 
tance  can  therefore  be  obtained  using  a  re¬ 
lation  equivalent  to  (35).  If  the  computa¬ 
tion  is  carried  out  at  non-2ero  Froude 
numbers,  the  pressure  resistance  con¬ 
tains  two  components,  Cyp  as  defined  in 
section  3,  and  Cwp,  the  free  surface  drag. 
The  latter  component  is  equivalent  to  the 
wave  drag  of  thin  ship  theory. 

For  non- viscous  flows  the  computation 
of  Oyp  +  C-rfF  is  straightforward  and  can  be 
carried  out  knowing  the  hull  geometry.  If 
viscosity  is  considered,  assumptions  have 
to  be  made  about  the  pressure  field.  In  the 
present  calculation  an  assumption  essen¬ 
tially  equivalent  to  the  one  used  in  para¬ 
graph  3.4  has  been  used  for  computing  the 
pressure  on  the  hull.  It  is  simply  as¬ 
sumed  that  Cp  at  a  point  (x,  y,  z)  = 

=  (x,  y,  z)  +  6  •  N.  This  approach  has  been 
experimentally  verified  by  Huang  et  al  [35] 
for  several  axisymmetric  bodies. 

From  the  source  panel  method  the  press¬ 
ure  drag  was  calculated  for  both  the  origi¬ 
nal  Kigley  hull  and  the  new  displacement 
surface  hull  at  five  different  Froude  num¬ 
bers.  The  free-surface  drag,  C^p,  was  ob¬ 
tained  from  the  pressure  drag  computed  at 
a  given  Froude  number  minus  the  correspond¬ 
ing  pressure  drag  at  zero  Froude  number, 

Cyo-  The  latter,  calculated  for  wake  B,  is 
0.12  *  10-5,  i.e.  4.0%  of  Cp.  This  should 
be  compared  with  the  Cyp  of*  2 . 7%  computed 
in  Section  3.4,  using  a  different  poten¬ 
tial  flow  method  and  a  slightly  different 
assumption  for  the  displacement  effect. 

Fig  21  shows  the  wave  resistance  com¬ 
puted  by  thin  ship  theory  and  the  free- 
surface  drag  computed  by  the  source  panel 
method  with  and  without  the  boundary  layer 
displacement  effect  (see  Table  1) .  Table  1 
shows  that  the  computed  free-surface  drag 
with  the  inclusion  of  the  boundary  layer 
displacement  thickness  is  significantly  de¬ 
creased  at  all  five  Froude  numbers  studied, 
with  reductions  falling  between  12  to  20 
per  cent.  For  wake  E  the  wave  resistance 
calculated  from  thir,  ship  theory  indicates 
smaller  reductions  than  the  free-surface 
drag  computed  by  the  source  pane)  method. 


As  a  matter  of  fact  they  differ  almost  by  a 
factor  of  two,  except  at  Fn  =  0.276  and 
0.35. 

The  question  may  be  raised  as  to  why 
the  wave  resistance  predicted  by  the  thin 
ship  theory  differs  significantly  from  the 
free-surface  drag.  Kigley  [12]  questioned 
the  applicability  of  thin  ship  theory  to  an 
open  body,  such  as  the  displacement  body  in 
the  present  calculations,  and  suggested  that 
thin  ship  theory  could  overestimate  the 
wave  resistance.  The  present  free-surface 
drag  calculation  seems  to  agree  with 
Wigley's  remark.  In  Kigley 's  study  of  the 
boundary  layer  effect  on  wave  resistance, 
he  closed  the  wake  aft  of  the  stern  in  or¬ 
der  to  obtain  a  more  realistic  solution.  In 
the  case  of  an  open  body,  there  does  not 
exist  a  closed  control  surface  which  does 
not  cut  through  the  body,  as  shown  in  Fig 
22.  Thus,  t.  •  wave  resistance,  obtained 
from  intejratino  the  wave  energy  propagat¬ 
ing  out  of  the  er.ti-e  control  surface, 
should  overestimated  by  the  amount  of 
wave  energy  croaag  ting  through  the  wake 
cross-sect ior.3l  ar>-_  AB  shown  in  Fig  22. 
During  the  course  of  the  present  work,  it 
was  found  -.nac  the  discrepancy  between  the 
thin  snip  theory  prediction  of  wave  resis¬ 
tance  and  the  free-surface  drag  was  corre¬ 
lated  with  the  wave  resistance  contributed 
by  the  transverse  wave  system.  Fig  23, 
taken  from  Lunde  [  Z2]  shows  the  components 
of  wave  resistance  contributed  by  the  di¬ 
vergent  and  the  transverse  waves  for  the 
Wigley  hull.  One  may  see  that  at  Fn  =  .276 
and  .35,  the  transverse  waves  are  relative¬ 
ly  small  and  the  discrepancies  between  the 
predictions  of  thin  ship  theory  and  the 
free-surface  drag  are  also  small.  At  Fn  = 

-  0.313,  0.405  and  0.45,  the  transverse 
waves  are  large  and  the  discrepancies  are 
large.  This  could  mean  that  thin  ship 
theory,  when  applied  to  an  open  displace¬ 
ment  body,  does  not  properly  account  for  the 
transverse  wave  system.  A  correction  which 
considers  the  contribution  of  the  trans¬ 
verse  wave  energy  propagating  through  the 
open  wake  may  improve  the  validity  of  thin 
ship  theory,  with  consideration  of  the  dis¬ 
placement  body  concept. 

The  present  wave  drag  reductions  may  be 
compared  with  corresponding  results  obtained 
by  Chang  &  Huang  [3*]  for  a  submerged 
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axisymmetric  body.  In  that  case,  one  might 
expect  the  effect  of  the  open  body  on  thin 
ship  theory  to  be  reduced  because  the  open 
wake  is  submerged  below  the  surface.  The 
calculations  were  performed  using  slender 
body  theory  and  the  source  panel  method  for 
the  body  submerged  at  one  hull  diameter  be¬ 
low  the  surface.  A  better  agreement  between 
the  two  methods  was  obtained  in  this  case, 
as  appears  from  Table  2,  but  curiously 
enough  the  reductions  of  slender  body 
theory  were  larger  than  the  ones  for  the 
panel  method. 

5.  CONCLUSIONS 

o  A  new  theory  has  been  developed  for  com¬ 
puting  thick  boundary  layers.  Signifi¬ 
cant  improvements  have  been  obtained  in 
the  prediction  accuracy  of  the  boundary 
layer  close  to  the  stern  of  the  hull  in¬ 
vestigated.  Further  improvements  of  the 
method,  particularly  with  respect  to  the 
pressure  variation  across  the  boundary 
layer  should,  however,  be  considered. 

o  Using  first  order  theory  in  combination 
with  the  pressure  computed  slightly  out¬ 
side  the  hull  results  in  better  agree¬ 
ment  with  measurements  as  compared  with 
the  ordinary  first  order  approach.  The 
results  are,  however,  not  as  good  as  for 
the  higher  order  method. 

o  The  viscid-inviscid  interaction  is  fair¬ 
ly  weak  in  the  case  tested  and  the 
changes  between  the  boundary  layer  cal¬ 
culations  of  the  first  and  second  iter¬ 
ation  are  quite  small. 

o  Adding  the  skin  friction  and  pressure 
drags  computed  by  the  higher  order 
method  results  in  a  viscous  resistance 
in  good  correspondence  with  measure¬ 
ments.  Integrating  the  momentum  loss  in 
the  far  wake,  computed  by  a  higher  or¬ 
der  wake  method,  seems  to  result  in  too 
high  viscous  drags. 

o  The  importance  of  correctly  modelling 
the  wake  when  computing  the  wave  drag 
in  a  viscous  fluid  has  been  demonstrated 
using  thin  ship  theory. 

o  The  wave  drag  reduction  due  to  the 
boundary  layer  displacement  effect  is 
smaller  for  the  thin  ship  theory  than 
for  the  source  panel  method.  A  reason 
for  this  might  be  the  wave  flux  through 
the  open  wake  in  case  of  the  thin  ship 
theory.  This  explanation  is  supported 
by  results  from  axisymmetric  calcula¬ 
tion  for  a  submerged  body. 

6.  ACKNOWLEDGEMENTS 

The  present  work  was  initiated  in  1979, 
when  L,  Larsson  was  visiting  scientist  at 
DTNSRDC.  He  is  much  indebted  to  the  manage¬ 
ments  of  DTNSRDC  and  SSPA  for  the  possibi- 


litiy  to  stay  and  work  at  the  Center  for 
about  six  months.  Particular  thanks  are  ex¬ 
tended  to  Mr  J.H.  McCarthy  who  organized 
the  visit,  took  an  active  part  in  the  plan¬ 
ning  of  the  project  and  encouraged  the 
authors  through  many  interesting  discus¬ 
sions. 

Thanks  are  also  due  to  several  other 
members  of  the  DTNSRDC  and  SSPA  staffs, 
particularly  Miss  E.  Samuelsson,  SSPA,  for 
great  help  in  coding  and  running  computer 
programs. 

The  authors  funner  want  to  express 
their  gratitude  to  Prof.  K.  Mori,  Hiroshima 
University  for  providing  the  original  data 
of  his  wake  experiments  for  the  Wigley  hull. 

The  work  was  funded  by  the  U.S.  Gene¬ 
ral  Hydrodynamics  Research  Program,  Element 
61153N,  Task  Area  SR-023-01-01,  The  Swedish 
Board  for  Technical  Development,  Dnr 
78-6038,  and  the  Naval  Material  Department 
of  the  Defence  Material  Administration  of 
Sweden. 


REFERENCES 

1.  Preston,  J.  H.,  "The  Effect  of  the 
Boundary  Layer  and  Wake  in  the  Flow  Past  a 
Symmetrical  Aerofoil  at  Zero  Incidence, 

Part  I",  Aeronautical  Research  Council, 
Reports  and  Memoranda,  No  2107,  London  , 
1945. 

2.  Lighthill,  M.  J.,  "on  Displacement 
Thickness',  Journal  of  Fluid  Mechanics, 

Vol.  4,  19587^1637  ' - - 

„  j'^Dyne#  G"  ”A  Streamline  Curvature 
Method  for  Calculating  the  Viscous  Flow 
Around  Bodies  of  Revolution",  International 
Symposium  on  Ship  Viscous  Resistance,  SSPA-.' 

4.  Nakayama,  a.,  Patel,  V.  c.  and 
Landweber,  L.,  "Flow  Interaction  near  the 
Tail  of  a  Body  of  Revolution.  Part  2: 
Iterative  Solution  for  Flow  Within  and 
Exterior  to  Boundary  Layer  and  Wake", 
Jo_urnal  of  Fluids  Engineering,  Trans.  ASME 

Serie  I,  Vol.  98,  No  3,  pp  538-54  97 - 

September  1976. 

5*  Huang,  T.  T.  and  Cox,  B.  D., 
Interaction  of  Afterbody  Boundary  Layer 
and  Propeller".  DnV  Symposium  on  Hydro¬ 
dynamics  of  Ship  and  Offshore  Prooulsion 
systems,  HpvlK,  Oslo,  March  20-25,  19777 
Paper  4/2.  Session  1. 

6.  Abdelmeguid,  A.  M. ,  Markatos, 

N.  C.  G. ,  Spalding,  D.  B.  and  Muraoka,  K., 

"A  Method  of  Predicting  Three-Dimension?! 
Turbulent  Flows  around  Ships'  Hulls", 
International  Symposium  on  Ship  Viscous 
Resistance,  SSPA,  1978. 

7.  Muraoka,  K.  and  Snirose,  Y.,  "Cal¬ 

culation  of  SSPA  720  and  HSVA  Tanker", 
SSPA-ITTC  Workshop  on  Ship  Boundary  Layers, 
Goteborg,  June,  1980.  - 


-724- 


Discussion 


T.  Okurto  tuniv  o !Osa*a  Pieiecmte) 


I  have  two  simple  questions. 

(1)  For  the  normal  velocity,  a  linear 
variation  was  assumed  in  your  paper.  Using 
the  power  law  for  the  streamwise  velocity 
profile,  I  think  it  is  better  to  assume  a 
power  form  for  the  normal  velocity  consider¬ 
ing  the  continuity  equation. 

(2)  The  surface  curvature  is  very  im¬ 
portant  factor  in  this  calculation.  What 
method  did  you  use  for  the  numerical  calcu¬ 
lation  ? 


K.  Mon  {«  HGSthlftS  ti'fif  ) 


The  discusser  can  not  agree  with  the 
use  of  £qs(24~a,b)  for  the  near  wake  flow 
profiles.  They  are  just  for  far  wake  flows. 

In  Fig.Al,  velocity  profiles  expressed 
by  Eq(24-a)  are  compared  with  those  mea¬ 
sured  in  case  of  the  3m  Wigley  model.  The 
curves  are  determined  as  follows;  first 
the  boundary  layer  thickness  c  and  the  out¬ 
er  velocity  Ug  are  determined  and  then  X 
is  determined  for  the  errors  to  be  minimum 
by  curve  fitting  method.  So  they  are  most 
fitted  ones  in  their  family. 


3m  Wigley  Model  (z/l=-0-05) 


As  suspected,  though  the  profile  of 
x  =  1.4,  v  little  downstream,  is  rather 
well  reproduced,  those  of  x  =  1.025  and 
1.1  are  not;  the  tendencies  of  curves  are 
quite  opposite  to  the  measured  profiles 
around  the  centerlines  where  the  wall  ef¬ 
fects  seem  still  existing. 


L.  Landweber  Wnr.  diom) 

A  comparison  of  the  results  of  Drs. 
Chang  and  Larsson  with  the  residuary  re¬ 
sistance  of  Shearer  t  Cross,  corrected  for 
sinkage  and  trim,  shows  that  the  viscous 
correction  has  improved  the  agreement  at 
all  Frouae  numbers  except  F  =  0.35,  as  is 
shown  in  the  following  table  : 

WAVE-RESISTANCE  COEFFICIENTS 


F  = 

0.266 

0.313 

0.350 

0.402 

0.452 

S.i  C- 

0.92 

1.70 

1.55 

2.43 

3.16 

Inviscid 

1.12 

1.93 

1.58 

2.93 

3.64 

with 

Viscosity 

0.88 

1.53 

1.4C 

2.48 

3.21 

Our  experience  with  a  similar  study 
on  the  very  thin  Keinblum,  Kendrick,  Todd 
fora  (PhD  thesis  of  S.-H.Kang,  Ref .17  of 
paper)  suggests  that  continuation  of  work 
on  the  Wigley  fora,  to  obtain  a  consistent 
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second-order  solution,  may  be  rewarding. 
With  the  W.-K.-T.  form,  the  first-order 
solution,  including  a  first-order  correc¬ 
tion  for  the  boundary  layer  and  wake,  was 
also  in  good  agreement  with  the  residuary. 
Inclusion  of  some  second-order  corrections 
worsened  the  agreement,  but  the  best  agree¬ 
ment  was  obtained  when  all  the  boundary 
conditions  and  the  effects  of  viscosity 
were  satisfied  to  second  order. 


A.  Y.  Odaba$i  (ESS™ 


The  authors  presented  us  an  original 
and  valuable  paper  on  the  viscous-inviscic 
flow  interaction  and  direct  resistance 
calculations.  I  would  like  to  raise  a  few 
question  both  to  improve  my  own  understand¬ 
ing  on  the  method  and  to  offer  some  possi¬ 
ble  improvements. 

The  authors  state  that  they  employed 
the  solution  of  the  Keunann-Kelvin  problem 
as  the  inviscid  outer  flow.  From  our  ex¬ 
perience  at  8-S.R.A.  we  know  that  the  pre¬ 
dictions  obtained  by  this  approach  becomes 
particularly  unreliable  towards  the  ster;. 
if  no  adhoc  correction  is  made.  This,  at 
least  in  the  first  iteration,  may  produce 
unacceptable  integral  boundary  layer  para¬ 
meters  at  the  region  of  aft-end.  I  would 
suggest  that  the  use  of  the  solution  of  the 
Neumann  problem  at  the  first  iteration  may 
increase  the  speed  of  convergence. 

The  next  point  I  would  like  to  take 
up  is  the  normal  momentum  transfer  equa¬ 
tion  Clb).  Although  the  equation  used 
by  the  authors  is  correct  according  to  the 
order  of  magnitude  analysis  carried  out  by 
them,  it  does  not  comply  with  the  measured 
behaviour  in  thickening  boundary  layers  as 
it  does  not  contain  the  Reynolds  stress 
gradient  terms,  as  suggested  by  Bradshaw  5 
and  extended  by  Gdabapi  1J  .  A  more  appro¬ 
priate  equation  would  be 


The  authors  rightly  point  out  to  the 
effect  of  variation  of  the  metric  coef¬ 
ficients  across  the  boundary  1.  yer  and 
draw  attention  to  the  fact  that* the  sign 
of  streamline  curvatures  may  change  along 
the  normal.  Such  a  change,  however,  will 
not  iesediataiy  imply  a  change  in  the  ve¬ 
locity  profiles  since  their  essential  in¬ 
fluence  will  appear  through  the  action  of 
the  extra  strain  rates  which,  in  turn, 
carries  the  effects  of  the  upstream  flow 
history.  In  this  respect  it  should  also 
be  mentioned  that  in  order  to  account  for 
the  extra  strain  rate  effects  Head's  en¬ 


trainment  function  needs  to  be  modified, 
cf.  Bradshaw  J. 

The  method  proposed  by  the  authors 
for  the  computation  of  the  wake  also  de¬ 
serves  some  attention.  Since  the  measure¬ 
ments  made  on  aerofoil  and  axially  symmet¬ 
ric  body  wake  indicate  that  the  shear 
vector  needs  not  vanish  in  the  symmetry 
plane,  as  one  would  expect  in  a  mixing 
layer,  their  assumption  on  vanishing  skin 
friction  is  suspect.  In  our  computations 
we  adopted  Bradshaw's  interactive  hypo¬ 
thesis  '  which  (although  may  need  some 
further  modification)  has  been  proved  to 
work  for  aerofoil  and  axially  symmetric 
body  wakes.  According  to  this  approach 
there  exists  .  region,  called  inner-wake 
region,  which  displays  somewhat  different 
behaviour  (i.e.  overlapping  boundary  layers) 
than  the  ordinary  boundary  layers. 

In  employing  the  displacement  surface 
concept,  the  authors  discard  the  terms  re¬ 
lated  to  fij  in  equation  (33)  .  Although, 
as  a  result  of  the  small  cross-flow  assump¬ 
tion  5i  may  be  small,  it  does  not  necessa¬ 
rily  imply  that  a5i/9x  and,  in  particular, 
36,/Sz  should  be  small.  Our  calculations 
shewed  that  the  contribution  from  Sfi,/#z 
is  comparable  with  the  other  terms,  espe¬ 
cially  in  the  regions  where  the  sign  of 
lateral  curvature  changes. 

The  final  question  I  *wculd  like  to 
ask  is  related  to  the  cost  of  computation. 
Since  the  main  advantage  of  using  an  in¬ 
tegral  method  is  its  computational  ease, 
and  hence  the  lower  computation  cost,  with 
the  additions  and  improvements  made  by  the 
authors,  one  needs  to  ask  whether  this  same 
advantage  remains  in  favour  of  an  integral 
method. 

I  will  be  very  pleased  to  know  the  re¬ 
sponse  of  the  author  to  the  pc  in.ts  raised 
in  this  discussion. 
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Author’s  Replv 


L  Larssen 


Reply  to  Hr.  Okuno 

(1)  Vie  agree  that  it  would  be  more 
accurate  to  consider  the  continuity  equa¬ 
tion  instead  of  assorting  a  linear  variation 
of  the  normal  velocity.  Although  this  will 
considerably  complicate  some  expressions, 

•re  have  been  considering  this  as  a  possible 
improvement . 

(2)  The  surface  curvature  along  and 
normal  to  the  streamlines  is  calculated 
using  standard  formulae  from  differential 
geometry.  Second  order  derivatives  of  the 
surface  function  are  then  needed  as  are 
the  derivative  of  the  streamline  slope. 

Since  this  is  a  mathematical  hull  form  the 
former  may  be  obtained  analytically,  while 
the  latter  is  obtained  by  means  of  cubic 
splines.  The  computation  is  greatly  sim¬ 
plified  by  the  smoothness  of  the  hall  and 
we  know  from  experience  that  much  more  case 
is  needed  for  real  ships  where  measured 
offsets  are  used  for  defining  the  hull. 

Reply  to  Prof.  Hori 

The  authors  are  grateful  to  Prof. 

Hori  for  presenting  this  interesting  com¬ 
parison  of  his  measurements  and  the  wake 
assumption  for  the  longitudinal  velocity. 

By  the  time  the  wake  method  was  designed 
we  did  not  have  access  to  these  measure¬ 
ments.  Obviously  the  assumption  is  not 
very  accurate  close  to  the  stern.  However, 
it  is  not  for  sure  that  this  will  have  a 
large  influence  on  the  wake  development. 

As  a  matter  of  fact.  Gaud  in  his  paper  to 
the  International  Symposium  on  Ship  Viscous 
Resistance  in  1978  concluded  that  the  dif¬ 
ference  between  the  present  wake  assumption 
and  the  paver-law  is  so  small  when  they 
are  used  for  obtaining  relations  between 
integral  thicknesses  that  it  might  not.  be 
vorthwile  taking  the  extra  effort  of  r- 
producing  these  new  relations.  Prof.  Hori ' s 
results  seem  to  fall  somewhere  in  between, 
so  the  difference  between  the  measured  and 
assumed  profiles  sight  not  be  crucial. 

It  would  however  be  pointed  out  that  for 
the  relation  Hi  =  H«CHul  we  have  used  a 
continuous  change  from  one  assumption  to 
the  other,  see  Eg. (31). 


Reply  to  Prof.  Landveber 

Prof,  bandweber's  comparisons  between 
the  measured  and  computed  wave  resistance 
coefficients  are  extremely  interesting - 
The  only  reason  why  such  a  comparison  was 
not  made  in  the  paper  was  that  ve  did  net 


have  access  to  measurements  in  the  absence 
of  sinkage  and  trim.  Now  Prof.  Landweber 
has  corrected  the  Shearer  and  Cross  meas¬ 
urements  for  these  effects  and  the  compar¬ 
ison  with  our  calculations  seems  very  pro¬ 
mising. 

In  the  oral  discussion  Prof.  Landwebar 
expressed  seme  doubts  on  the  magnitude  of 
the  computed  pressure  drag  at  zero  Fn. 

We  have  computed  this  in  two  ways  £cf  sec¬ 
tions  3.4  and  4.2}  yielding  2-7%  resp.4.0% 
of  Cf .  According  to  Self’s  wind  tunnel 
measurements  this  drag  should  be  around  7% 
(according  to  the  experimenter)  but  this 
figure  night  be  questioned  since  the  pres¬ 
sure  measurements  are  scattered.  However, 
the  total  drag  was  only  about  5%  higner 
than  the  Schoenherr  line  cr  we  think  our 
prediction  should  be  reasonable. 


Reply  to  Sr.  Odabasi 

*e  have  the  same  experience  as  Dr. 
Odabasi  as  to  the  use  of  the  Henna nn-Kelvin 
solution  for  the  first  boundary  layer  iter¬ 
ation.  In  the  calculation  presented  in  the 
paper,  the  Neumann  solution  has  therefore 
been  used  for  this  purpose,  introducing  the 
(linearized  )  free  surface  condition  only 
in  the  second  iteration. 

Dr.  Odabasi* s  suggestions  as  to  the 
stress  gradient  terms  in  the  normal  momentum 
equations,  the  modification  of  the  entrain¬ 
ment  function  to  account  for  the  extra 
strain  rates  and  the  wake  symmetry'  condition 
are  much  appreciated.  Ke  will  carefully 
study  the  references  cited,  for  possible 
improvements  in  our  method. 

In  our  opinion  the  term  eos/dz  can  be 
safely  neglected  in  this  case.  This  appears 
from  Fig. 15,  where  the  gradient  of  the  meas¬ 
ured  90  is  quite  small.  It  is  not  surpris¬ 
ing,  though,  that  Dr.  Odabasi  has  found 
large  transverse  gradients  of  6;  in  his 
calculations.  A  common  feature  of  boundary 
layer  methods  applied  to  ship  sterns  seems 
to  be  that  they  exaggerate  crosswise  fluct¬ 
uations.  This  appears  for  instance  from 
the  results  of  the  SSPA-1TTC  Ship  Boundary 
Layer  Workshop. 

The  computations  using  the  integral 
method  presented  are  still  considerably 
cheaper  than  the  ones  using  a  differential 
method.  However  since  the  cost  of  the 
potential  flow  solutions  (the  Neumann- 
Kelvin's  solution  in  particular)  is  so 
great  the  relative  difference  in  total  cost 
say  not  be  too  significant-  If  detailed 
knowledge  of  the  flow  field  around  the 
stern  is  expected  a  -differential  method 
miuht  therefore  be  preferred . 


Calculation  of  Near  Wake  Flow  and 
Resistance  of  Elliptic- Waterplane  Ships 


Kazuhiro  Mori 

Hiroshima  University 
Hiroshima.  Japan 


ABSTRACT 

The  present  paper  is  concerned  with  theoretical  predic¬ 
tions  of  near  wake  flow  of  clliptic-watcrplane  ships  and  estima¬ 
tions  of  their  resistance.  Computed  results  are  compared  with 
corresponding  experimental  results. 

Viscous  flow  predictions  around  sterns  are  carried  out 
2-dimcnsionally  by  the  matching  methods;  the  related  separated 
flow  field  is  divided  into  five  subregions  and  different  approxi¬ 
mations  are  adopted  for  each  subregion.  Satisfactory  results  are 
obtained  in  the  velocity  and  pressure  distributions  compared 
with  those  measured. 

The  viscous  resistance  and  the  wave  resistance  are  esti¬ 
mated  by  use  of  the  predated  viscous  flows.  The  former  is  esti 
mated  by  direct  integrations  of  momentum  loss  behind  ships. 
The  latter  is  estimated  in  the  framework  of  the  low  speed  theory; 
the  viscous  flow  field  is  taken  mto  account  by  entraining  the 
predicted  viscous  flows  on  the  low  speed  theory. 

The  viscous  resistance  is  well  reproduced  while  the  wave 
resistance  shows  still  discrepancies  between  the  towing  test  results 
but  significant  viscous  effects  on  it,  however,  are  detected. 

NOMENCLATURE 

L,  £  ship  model  length  and  half  length 
b  ship  model  half  breadth 
S0  length  along  waterline  of  model 
p  fluid  density 

v  kinematic  viscosity  coefficient 
fe  eddy  viscosity  coefficient 
g  gravity  acceleration 
U  ship  speed 

Fn  Froudc  number  (=U//gE) 

R„  Reynolds  number  (=UL/i>) 

x,  y,  7  Cartesian  coordinate 
X|,x3.x3  cirvilinear  orthogonal  coordinate 
p  pressure 


u,  v,  w  double  model  velocity  components  in  x,  y,  z 
directions 

q,,q:,q,  mean  velocity  components  in  X| ,  x3 , \3  directions 
q i q3',  q3‘  fluctuating  velocity  components  in  x,,  x2,  x3 
directions 

c*j,,(03,tu3  vorticity  components  in  x,,  x3,  x3  directions 
R  total  resistance 
Rv  viscous  resistance 
Rw  wave  resistance 
Rf  frictional  rcsistanc ! 

K  form  factor  for  Srhoenherr’s  friction  line 
Tq  skin  friction 
0,  momentum  thickness 
H ,  shape  factor 

1.  INTRODUCTION 

Theoretical  predictions  of  flow  field  around  ship  stern 
including  the  affects  of  separation  is  one  of  the  mo>t  important 
problems  in  the  naval  hydrodynamics.  It  will  serve  not  only  for 
the  determination  of  the  wake  contour  on  propeller  disk  but  for 
theoretical  estimations  of  ship  resistance. 

During  a  past  decade  theoretical  researches  in  the  riscous 
flow  problems  arc  mainly  concerned  on  boundary  layer  flows. 
Developments  in  boundary  layer  computations  are  quite  remark¬ 
able.  The  workshop  on  ship  boundary  layer  computations,  which 
was  held  at  SSPA  recently,  shows  us  the  present  state  vividly. 

Though  there  still  remain  important  problems  such  as 
handling  of  bilge  keels  or  concave  framclines,  contributions 
done  through  boundary  layer  computations  should  not  be  under¬ 
estimated.  This  is  because  the  boundary  layer  is  the  very  region 
to  which  all  kinds  of  viscous  problems  are  related;  theoretical 
developments  in  the  boundary  layer  flow  will  provide  robust 
tools  for  theoretical  studies  in  viscous  flows. 

However,  the  application  of  the  boundary  layer  approxi¬ 
mation  to  the  ship  wake  predictions  should  be  claimed  for  the 
beyond  use  of  its  approximation.  The  method  for  the  prediction 
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of  wake  must  be  free  from  the  separation;  it  must  afford  the 
backward  effects  also.  The  boundary  layer  assumption  is,  strictly 
speaking,  nut  valid  any  more  for  such  flows.  Even  though  signifi 
cant  separations  are  not  occurring,  the  outer  flow  gets  to  have 
ambiguous  meanings  to  the  inner  flow  when  the  boundary  layer 
thick1’  j  is  not  thin.  It  is  true  some  iterative  calculations  may 
cuittrnc  these  unfavorable  situations,  but  it  must  still  be  founded 
on  the  first  iteration  solution  which  has  been  almost  diverging. 

Though  remarkable  successes  in  the  boundary  layer  ap¬ 
pro  situation  leave  us  much  reluctances  in  its  application  to  the 
near  wake  predictions,  we  should  bravely  provide  some  alter 
native  ways  insteadly. 

Several  attempts  have  been  made  to  predict  the  ship  wake 
by  different  methods  apart  fruni  the  boundary  layer  approxima¬ 
tion  fe.g.,  Hatano  et  al  |1],  Mori  et  al  [2|,  Muraoka  [3|  etc.), 
but  we  have  not  yet  succeeded  satisfactorily.  We  are  still  under 
the  birth-pangs. 

In  the  present  paper  the  velocity  predictions  are  attempted 
first  by  the  matching  method  (2);  we  cunfine  ourselves  to  the 
2  D  flows  around  the  elliptical  watcrplane  ships  in  order  to  be 
free  from  numerical  errors  as  possible. 

Precise  predictions  of  near  wake  flows  provide  not  only 
a  way  to  estimate  the  viscous  resistance  but  a  way  to  discuss 
the  viscous  effects  on  the  wave  resistance. 

Recent  rcmarkable  developments  in  the  wave  resistance 
theory  have  unveiled  relative  significances  of  what  have  been 
overlooked  or  neglected  because  deviations  from  measured  resist¬ 
ance  were  large.  One  of  them  may  be  the  neglection  of  viscosity; 
the  invraction  between  the  boundary-layer-wake  and  the  wave. 

The  neglection  of  the  viscosity  has  been  sometimes  a 
refug  of  insufficiencies  of  the  potential  wave  resistance  theory. 
So  the  introductions  of  viscosity  have  been  often  carried  out 
to  compensate  the  discrepancies  between  the  inviscid  theory 
and  experiments.  It  is  rather  important,  however,  to  make  clear 
how  far  the  neglection  of  viscosity  is  responsible  fo-  the  discrep¬ 
ancies  than  making  up  them.  For  this  sake  the  prediction  of  the 
viscous  flow  should  be  the  same  order  in  approximations  as  those 
used  in  the  potential  theory.  But  it  was  so  unhappy  that  the 
boundary  layer  and  wake  flows  have  been  approximated  irre- 
vantlv  to  the  -eal  flows  when  they  were  dealt  with  by  potential- 
born  researchers  (e.g.  Havelock  (4),  Maruoctal  [5]):  they  were 
determined  m  some  cases  only  to  make  up  gaps.  On  the  contrary, 
most  of  boundary-layer-born  researchers  calculated  the  wave 
resistance  by  the  Michcll  approxunation  while  they  estimate  the 
displacement  thickness  exactly  from  the  boundary  layer  calcu¬ 
lation  (e.g.  Himeno  |6f).  Of  course  their  works  arc  milestones  in 
the  related  problem. 

It  should  be  stressed  again  that  the  present  author  does 
intend  nicther  to  make  up  the  gaps  nor  to  poirt  out  the  serious¬ 
ness  of  the  neglection  of  viscosity,  but  to  predict  the  wave  resist¬ 
ance  including  viscous  ctiects  consistently  as  possible. 

Secondly  in  the  present  paper,  the  viscous  resistance  to¬ 
gether  with  the  wave  resistance  including  the  viscous  eflvcts  are 
predicted  from  the  above  viewpoint.  The  former  is  determined  by 
applying  the  momentum  theory  directly  to  the  yielded  velocity- 
profiles;  the  latter  is  estimated  by  entraining  the  yielded  viscous 
flow  field  on  the  double-hull  linearized  free  surface  condition. 

The  present  paper  is  reporting  recent  computational 
res '.Its  according  to  author's  previous  works  (2)  (7)  together 
with  experimental  results.  Some  of  the  mam  streams  of  com¬ 
putations  may  be  repeated  here  compactly  but  precise  di-crip- 


tions  are  left  for  the  references 

2.  PREDICTION  OF  NEAR  WAKE  FLOW  FIELD 

Havier-Stokes  equations  are  the  governing  equations  for 
flows  around  sh  p  stern.  It  is  not  an  exaggeration  to  say  that 
what  kinds  of  approximations  of  them  are  adopted  is  the  all 
for  the  present  problem. 

Now  we  divide  the  flow  field  into  five  subregions  as  shown 
in  Fig  1  to  find  out  the  most  suitable  approxunations  for 
each  subregion.  By  such  a  subdivision,  no  universal  approxi¬ 
mations  valid  for  the  whole  flow  field  are  necessary.  The  sub¬ 
division  is  carried  out  after  the  observation  of  real  flow,  Fig.  2 
shows  the  free  surface  flow  of  EM-200,  one  of  the  models  used 
here,  which  makes  us  recognize  the  subdivision. 

The  subregion  A  is  the  potential  flow  region,  B  is  the 
region  where  the  boundary  layer  approximation  is  thoroughly 
valid,  C  is  the  region  into  which  the  vorticity  generated  m  the 
upstream  boundary  layer  is  shed;  D  is  where  complicated  retard¬ 
ing  flows  are  existing,  sometimes  recirculating  flows;  E  is  the 
sublayer  like  the  viscous  sublayer  where  the  nonslip  condition 
is  required.  The  border  line  (or  surface)  is  tentatively  called 
dividing  streamline  (D  o). 

Following  approximations  are  made  for  each  subregion. 
A -region  .  inviscid  potential  flow;  Euler  equations  are  used. 
B-regton  boundary  layer  approximation,  boundary  layer 
equations  are  used. 


I  SEPARATION 
Cl  POSITION 


A  :  POTENTIAL  TIOU  REGION 
B  ;  BOUNDARY  LATER 
C  :  VORTICITT  DIFFUSION  REGION 
D  SEPARATED  RETARDING  REGION 


^DIVIDING  STREAMl 1NE 
!  DSL  ) 


E  ;  VISCOUS  SUBLAYER 


Fig.  1  Subdivision  of  Separat  ’d  Near  Wake  Flow  Field 


Hull 

Surface 


Fig.  2  Frec-Surface  Flow  around  Stern  of  EM-200 
(Fn  =0.157.  R„  =  1.295  x  I0‘) 
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C-region  :  constant  eddy  viscosity  approximation;  the  vor- 
ticity  equations  are  used. 

D-region  :  original  Reynolds  equations  are  used. 

E-region  :  turbulent  intensity  is  assumed  negligibly  small. 

The  original  Reynolds  equations  and  the  vorticity  equa¬ 
tions  are  written  in  Appendix.  The  coordinate  systems  are  shown 
in  Fig.  3;  O-xyz  is  a  Cartesian  coordinate  whose  origin  is  at  the 
midship  and  on  the  still  waterplane.  The  ship  is  fixed  and  the 
uniform  flow  is  oncoming  to  x-direction  with  velocity  U.  Broadly 
speaking,  x,  coincides  with  the  main  flow  direction  and  x, 
is  the  normal  direction  to  the  hull  surface. 


from  the  above  orders,  e.g.,  the  velocity  components  of  C-region 
are  expanded  as  follows, 


qi/U  =  u0  +  EUi  +  e2u2  +  ...  , 

q2/U  =  ev4  +  e2V2  +  ...  (2) 

q  s/u  =  e2  wi  +  e  3w2  +  ... 

It  is  assumed  that  changes  in  orders  by  differentiations 
with  respect  to  x,  and  x2  are  0(l/e)  and  orders  of  K.,j  arc  all  0(1), 
Convergences  of  such  expansions  may  be  examined 
together  with  the  order  assumptions.  But  no  one  can  say  at  this 
stage  that  they  are  assured  or  not.  It  is  important,  however, 
that  assumptions  should  be  kept  consistent  throughout  the 
problem  and  yielded  equations  can  potentially  afford  to  govern 
the  related  flows. 

Substitutions  of  the  power  series  expansions  of  velocity, 
vorticity  and  pressure  into  the  Reynolds  equations  or  the  vorticity 
equations,  Eqs.  (A-l—  A-10)  shown  in  Appendix,  yield  the  fol¬ 
lowing  equations  as  the  leading  order  terms. 

C-region  : 


The  approximation  of  the  constant  eddy  viscosity  for 
C-region  may  be  open  to  discussions.  But  because  the  region  to 
which  this  approximation  is  applied  is  restricted,  we  can  be 
optimistic  in  its  employment.  The  reason  why  the  vorticity 
equations  are  used  for  C-region  is  that  the  pressure  term  which 
is  somewhat  delicate  in  handling  due  to  interactions  disappears 
from  the  momentum  equations  by  operating  rotation  to  them. 
Of  course  boundary  conditions  for  the  vorticity  are  required 
which  are  not  so  clear  as  that  of  velocity. 

If  we  define  small  parameter  e  by 


e  =  Rn-!/»  , 


(1) 


e  can  be  enough  small  when  Reynolds  number  is  large.  Eventual¬ 
ly  each  term  of  the  power  series  of  e  yields  significant  differences 
each  other. 

Now  w’  expand  velocity,  vorticity  and  pressure  in  power 
series  of  e  whose  assumed  leading  orders  for  C-,  D-  and  E-regions 
are  shown  in  Table  1.  The  rela'  :  variables  are  expanded  starting 


Table  1  Leading  r>  dors  for  C-,  D-  and  E-regions 


q* 

q3  w, 

C03  CJ3  p 

9/3x  j 

C-region 

\ 

e 

6a  e-> 

e-a  e-i 

e-’ 

D-region 

€ 

e 

e’ 

6 

e-J 

E-region 

€ 

€ 

e« 

ei 

c-4 

(3) 


v'mb~  dbr(a,J9,)=0, 


v'fe*"7 rjjr(a>’9,)=c 


(4) 


(5) 


D-region  : 


„  dq 1  ,  „  dq i  ,  .  dq,  1  dp 

9,7r^+<?2^3I7+<?57^=_p¥^T  (6) 

,  _  l  3*$,  3*<?,  1  3*9s  3*9, 

+c'W5z?+h&&  -fj;  • 


d<h  „  dq2  ,  „  dqi  _  1  dp 
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dp 


=0. 


E-region  : 


(8) 


dq 
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i  dp 
P  h,dx, 
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d*Qi 
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<h 


9<?a 

h 75x7 
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09  i 
h2dx* 


+  <h 


dq2 

h\dx% 


— 

P  h:dx. 


+  v 


d*q- 


(10) 


dp 

ft3ax3 


=  0. 


(U) 


The  continuity  equation  is 


09 1  i  S‘h  ,  09  J  -(). 
h  \  Ox  i  +  h2dx2  h3dx  3 


(12) 


The  governing  equations  for  C-rcgion,  Eqs.  (4-5),  arc 
the  diffusion  equations  where  q,  is  the  convective  velocity  and 
t‘c  is  the  diffusion  constant.  Therefore  they  can  be  solved  in  tite 
marchi.ig  scheme.  Then  the  velocity  induced  by  vorticitics,  (uv. 
vv.  wv),  can  be  given  by  virtue  of  Biot-Savart's  laws 


The  second  terms  of  Eq.  (15)  are  those  obtained  by 
inviscid  calculations,  which  correspond  to  the  potential  wake. 
The  last  terms  of  Eq.  (15)  come  from  the  image  vorticity  to 
the  hull  surface.  They  can  be  represented  equivalently  by  additive 
hull  surface  sources;  they  represent  viscid-inviscid  interactions, 
in  other  words,  the  displacement  effects. 

They  are  given  as  follows; 


.  1  ff  _  ,  X  -  x'  X-x',Jf 

°il- rr  +  — rr  >dS  • 


n  =^//o1(^’  +  ^,)ds  , 


r,? 


(16) 


1  t,  ,Z-2'  . 

wi  =  tx  !!  ot  ( — ~r~  +  — rr"  > ds  - 


4rt 


where  Sh  is  the  huli  surface  and  o,  is  the  additive  source  dis¬ 
tribution.  a ,  is  determined  to  satisfy  the  following  equation. 
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1  tcrl(Y-y')o>/-(.2-i')a)/ 

4rr  33J  l  r o3 
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where  w,',  uy'  and  w,'  are  the  vorticity  '  o  .-ponents  at  (x\ 
y\  z).  and 


to’  =  (x-x')*  +  (y-y')»  +  (z-z'}3 
r,3  =  (x-x')J  +  (y— y')*  +  (z+z')5. 


and  V  is  the  non-zero  vorticity  regions;  B-,  C-,  D-  end  E-regions. 

The  velocity  components.  (uv,  v,,  wv),  given  by  Eq. 
(13)  correspond  to  the  viscous  components  in  wake  fraction. 
The  final  velocity  in  C-region  is  given  by  the  additions  of  potential 
components; 


u  = 

uv 

+ 

Uo 

+ 

Ui 

V  = 

+ 

Vo 

+ 

Vi 

w  = 

Wv 

+ 

Wo 

+ 

W| 

+  (  uvl0  +  Vvm0  +  Wvn0  )  =  0 


(17) 


n  is  the  outward  normal  on  hull  whose  direction  cosines  arc 
(k«-  ,T3o ,  n„). 

The  governing  equations  for  D-region.  Eqs.  (6-7)  arc 
elliptic  iy  ie  .and  they  may  govern  recirculating  flows.  Then  the 
prob-  i  ^ets  boundary  value  problem:  they  arc  solved  under 
the  boundary  conditions  prescribed  on  the  hull  surface.  DSL 
and  \  axis.  In  the  reduction  of  Eq«.  (6-8),  the  turbulent  terms 
are  .  tessed  by  the  eddy  viscosity  of  a  vectorial  constant  whose 
-i.euients  ire  K,  and  Ka. 

T*  e  governing  equations  for  E-region,  Eqs.  (9-11).  are 
.  xactlv  the  boundary  layer  equations:  D-region  flow  plays  the 
role  of  the  outer  flow. 

The  B-rcgion  solutions  are  obtained  by  the  usual  boundary 
layer  calculations  svhile  the  potential  flow  can  be  supplied  by 
the  well-familiar  method. 

The  matching  conditions  between  each  subregion  are 
derived  in  the  original  paper  1 2) ,  but  in  the  numerical  calculations 
exact  satisfactions  of  them  are  almost  impossible  and  we  confine 
ourselves  here  only  to  impose  the  condition  that  the  velocity 
and  the  pressure  are  continuous  (not  always  their  gradients) 
throughout  the  region. 

The  assumption  of  DSL  may  leave  some  arbitrariness, 
but  this  is  inevitable  in  the  present  scheme.  Iterative  computations 
may  remove  it:  the  assumption  of  DSL  can  be  understood  as 
a  first  iteration. 

All  predictions  in  th”  present  section  are  without  free 
surface;  under  the  double-hull  condition. 


-732- 


3.  ESTIMATION  OF  RESISTANCE 

if  the  velocity  components  arc  represented  by  the  sum 
of  the  double-hull  velocity  (u,  v.,  w)  and  the  gradient  of  the 
wavy  potential  <t>,  then,  by  use  of  the  momentum  theorem,  the 
total  resistance  of  ship  is  given  as  follows  (7); 


Rv  H')dz 

(i9, 


the  frictional  resistance  while  Rp  the  pressure  resistance. 

In  the  expression  of  Eqs.  (23-24)  interaction  component 
is  included  implicitly  m  rox  and  P.  So  they  seem  more  convenient 
for  full  estimations  of  resistance.  But,  contrary  to  the  easiness 
of  the  integration  of  Eq.  (23),  the  integration  of  Eq.  (24)  often 
yields  significant  errors  in  the  final  results  in  case  of  ship-like 
bodies  where  £0  is  not  small;  even  slight  error  in  the  pressure 
prediction  may  cause  significant  errors.  In  the  present  paper 
only  the  frictional  resistance  is  estimated  by  Eq.  (23). 

All  the  quantities  necessary  for  the  estimation  of  the 
viscous  resistance  by  Eq.  (19)  are  provided  by  the  calculations  of 
section  2  except  the  pressure. 

The  pressure  in  C-region  can  be  determined  by  invoking 
the  y-direction  Navier-Stokes  equation  with  a  constant  eddy 
viscosity; 


3  v 
3x 


ov 

3y 


3  v 
32 


32v  32v  ,  32v  , 

3X2  9y2  *  3Z2  > 


(25) 


(21) 


With  the  neglectionc  of  the  first  and  the  second  terms  in  bracket 
of  rhs  of  Eq.  (25),  which  are  safely  approved,  it  can  be  trans¬ 
formed  as  follows; 


where  f  is  the  free  surface  elevation;  H0  af.d  H  arc  total  heads 
given  by 

pgHc  =  P3  +  ipir  , 

(22) 

pgH  =  P  +  |-p(uJ+v!  +  \i2  )  , 


uuz  -  wwx  +  lu!tv!-iw!] 

-  _  1  £E  +  v  — 

"  p  3y  e  3y2  *  (26) 


where  cox  and  wz  arc  the  vorticity  components  in  x-  and  z-direc- 
tiors  respectively;  they  are  given  by 


The  integrations  are  carried  out  on  the  control  surfaces  properly 
chosen. 

R>  and  R»  give  the  viscous  resistance  and  wave  resistance 
respectively,  while  R»„  is  their  interaction  component.  The 
integrations  of  Eqs.  (19-20)  can  be  rather  easily  carried  out 
as  described  later.  On  the  contrary,  that  of  Eq.  (21)  is  a  little 
complicated.  For  this  reason  the  interaction  component  will 
be  not  included  in  the  present  calculation. 

Alternatively,  representing  the  total  resistance  by  the  sum 
of  the  frictional  force  and  the  normal  force,  it  is  sometimes 
estimated  by  the  hull  surface  integrations; 


Rf  =  //T®x  dS  * 
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R  — // P*5dS  , 
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dz 


3v  3u 
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(27) 


The  integration  of  Eq.  (26)  with  respect  to  y  yields  the  explicit 
expression  for  the  pressure: 


P  =  P5  +  jpU  -  ^p(u2  +  v2  +  W2  ) 


+  pf  5(uvo  -  vw  jdy  -  ve-~  , 
1  y  z  x  3  e  3y  ' 


(28) 


where  rox  is  the  x<omponent  of  the  skin  friction  t0.  Rf  gives 
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where  p0  is  the  static  pressure  at  far  upstream.  In  Eq.  (28), 
y„  is  a  point  just  outside  of  the  wake  where  the  total  head  is 
equal  to  that  at  far  upstream;  the  relation  of 


(32) 


J  pu2  +  P0  =  p  +  ip  (  u2  +  v2  +  w2  )j  (29) 

y=y0 

can  be  assumed. 

Eq.  (28)  tells  us  that  the  static  pressure,  eventually  the 
total  head  also,  reduces  owing  to  two  sources;  one  is  due  n  the 
vorticity  shedding  which  corresponds  to  the  third  term  of  rhd 
of  Eq.  (28)  and  the  other  is  due  to  the  viscosity,  the  fourth  term. 

The  expression  of  the  pressu-e  by  Eq.  (28)  is  of  a  con¬ 
venient  form  when  the  present  method  of  the  near  wake  flow 
prediction  is  employed,  because  the  vorticity  distributions  in 
wakes  are  being  supplied  during  the  computing  scheme. 

Next,  let’s  consider  the  wave  resistance  component  given 
by  Eq.  (20). 

When  the  Reynolds  number  is  enough  large  head  losses 
due  to  viscosity  may  occur  exclusively  in  the  two  regions:  in  the 
free  surface  boundary  layer  and  in  the  hull  boundary  layer  and 
its  accompanied  wake.  Eventually  only  flows  in  these  two  regions 
may  yield  some  viscous  effects  on  the  wave  resistance.  However, 
according  to  the  conclusion  of  the  previous  work  (7),  the  neglec- 
tion  of  the  free  surface  boundary  layer  effects  is  allowed  within 
the  approximations  made  in  the  inviscid  wave  resistance  theory 
on  which  we  are  going  to  entrain.  Therefore  it  is  enough  only 
for  the  head  loss  in  the  hull  boundary  layer  and  its  accompanied 
wake  to  be  taken  into  account  in  the  wave  resistance  estimation. 

if  the  low  speed  assumption  is  appreciated  [8|,  the 
double-hull  linearized  free  surface  condition  is  given  by 


^<H0-H;=  uWj,  . 

Then  the  quantities  of  rhs  of  Eq.  (30)  are  all  provided  by  the 
calculations  of  section  2. 

Under  the  free  surface  condition  of  Eq.  (30),  the  wavy 
potential  can  be  determined  and  Eq.  (20),  which  is  giving  the 
wave  resistance,  can  be  written  in  another  form  J 8) ; 


R.=xpV^n\  aWj*  dO  '  (33) 


where 


(34) 

did,. 


The  expressions  of  Eqs.  (33-34)  arc  formally  the  same  as 
those  of  the  inviscid  case  except  D  (x.  y)  contains  the  hod  loss 
term.  But  the  velocity  components  (u.  v.  w)  arc  viscous  -nd  tne 
pressure  field  differs  from  that  of  inviscid  case. 

4.  NUMERICAL  COMPUTATIONS  AND  EXPERIMENTS 


j[«  (*.  y.  0)9® +u  (*.  y.  °)^]J<iO,  y.  z) 


+1^0.  y.  *)=£(*,  y),  (30) 


4.1  Used  Models 

Three  EM-scries  models  which  have  elliptic-watcrplanes 
given  by 


where 


(35) 


.  <31> 


and  have  vertical  hull  sides  arc  used  for  the  present  studies.  Then- 
rough  view  is  shown  in  Fig.  4.  The  ratios  of  major  and  minor 
axises  are  varying  from  0.125  to  0.30;  0.125,  0.20  and  0.30  for 
EM-125,  EM-200  and  EM-300  respectively.  The  length  and  the 
draft  arc  2.00  m  and  0.50  m  respectively  for  all  the  models. 


u,  v  and  w,  appearing  in  rhs  of  Eq.  (31),  arc  the  double  hull 
velocity  components  and  the  gradients  of  H0  -  H  at  z  =  0  are 
given  by 


- H  )  =  -vuz 


Velocity 
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It  is  expected  by  such  a  choice  of  models  that  flows  may 
be  simple  but  with  some  separations  and  the  affections  of  separ¬ 
ation  may  change  serially  between  each  model. 

All  ihe  near  wake  computations  are  carried  out  2-dimen- 
sionally,  while  the  corresponding  experiments  are  carried  out 
with  end-plates  beneath  the  model  bottoms,  as  shown  in  Fig.  4. 
by  which  full  2-D  flows  may  be  realized. 

The  wave  resistance  computations  are  carried  out  3-dimen- 
sionaliy.  This  is  because  the  formation  of  section  3  are  not  appli¬ 
cable  to  2-D  flows  (7 }  and  also  because  the  2-D  resistance  tests 
by  towing  tank  are  not  easy. 

4.2  Near  Wake  Flow 


The  numerical  computations  for  near  wake  flow  arc 
started  by  the  potential  calculation.  In  the  present  case,  the 
potential  velocity  components  u0  and  vq  are  given  analytically 
by 


Uq/U  =  — ~t~t  {  x  (  cosh  2£-cos2n)  - sinh  2£  i  , 

2c2h* 

(36) 

Vu  =  'Wbsin2n  ' 

where 


x  =  C  cosh  £  cosn  , 
y  =  c  sinh  £  sinfi  , 
h2  =  cosh2£-  cos2n  , 
C2  —  x2-  b2. 


137) 


Next,  the  boundary  layer  calculation  is  carried  out.  The 
higher  approximations  are  not  necessary  because  it  is  ceased 


before  the  boundary  layer  thickness  gets  thick.  The  integral 
momentum  equations  arc 


38 1  _  _/u+o)£i_3iLo_  ,  T° 

hi  3xj  “  ^Uo  hjexi  pty  '  (38) 


3H 

h  i  3x  i 


H(H-l)  T; 

0 1  Du2 


H(H-t-l)  (H— 1 )  3UC 
Uo  hi  3xi 


( H— 1 )~ 
26! 


E  i 


(39) 


where 


hi  = 


(it2-  c2cos2n) 


sin  n 


1  3U  s  _  _bf_L_  ,  p  2 
U5  h;  ex  i  «3  tanri 


(40) 


and  U0  is  the  resultant  velocity  at  the  boundary  layer  edge;  E 
is  the  entrainment.  Ludwieg-Tillmann’s  formula  and  Head’s  func¬ 
tion  are  used  for  the  skin  friction  anil  the  entrainment  respective¬ 
ly.  Computations  are  made  for  Reynolds  numbers  of  1.68  x 
10*  for  EM-125  and  EM-300,  and  of  1.295  x  10*  for  EM-200. 

The  results  arc  shown  in  Fig.  5.  For  all  the  cases,  the 
calculations  diverged  around  x/S  =  0.95  where  the  skin  frictions 
have  still  non-zero  values.  (Refering  to  the  free  surface  flow 
of  EM-200,  shown  in  Fig.  2.  the  separations  are  suspected  before 
x/S  =  0.9.)  The  momentum  thickness  and  the  shape  factor  do  not 
differ  between  models,  but  the  skin  frictions  do,  which  will 
show  the  form  effects  on  the  frictional  resistance. 

The  results  of  the  boundary  layer  calculation  supply  the 
initial  vorticitv  distributions  for  the  C-region  calculation.  They 
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also  provide  the  separation  positions  necessary  for  the  initial 
assumption  of  DSL. 

DSL  is  determined  by  a  tangent  at  the  separation  posi¬ 
tion.  In  the  present  calculation,  it  is  determined  for  three  models 
as  shown  in  Fig.  6;  the  positions  of  departures  of  DSL  are  at 
\/£  =  0.85,  0.80  and  0.75  for  EM-125.  EM-200  and  EM-300  re¬ 
spectively.  These  positions  seem  to  be  a  little  upstream  when  the 
results  of  boundary  layer  calculation  or  the  free  surface  flow, 
shown  in  Figs.  2  and  5.  are  referred  to.  But  it  is  of  safe  side  to 
assume  the  separation  position  upstream  because  the  governing 
equations  for  D-region.  Eqs.  (6— 8),  can  govern  the  boundary 
layer  flow  too. 


12  «,  u 


Fig.  6  Assumed  Dividing  Streamlines  (DSL) 

Assumed  DSL  >s  chosen  for  x,  -  O  surface.  Then  the 
vonieity  diffusion  equation  in  xt  direction.  Eq.  (4).  can  be 
transformed  in  a  finite  difference  form  as  follows: 


AjWj  ( i+1  ,  j-1 )  +  ( i+1  ,  j  )  +  C^u2(  i  +  1 .  j+1) 

=  Dj<  3^1  (41) 


where  to,  (i.  j)  etc.  denote  values  at  x,  =x,j.  x,  =i,j  and 


\ 

xii 

i—i 
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2i — 

Fig.  7  Nets  for  Finite 
Difference  Equa- 
tions 
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the  reattaching  point  x,  where  DSL  intersect  x-a.tis  for  the  sake 
of  symmetry.  So  u>2  (i.  0)  is  given  a  priority  by  a  linear  function 
which  gets  equal  to  zero  at  x  =  xr.  q,  (i.  j)  is  supplied  approxi¬ 
mately.  by  the  use  of  the  solution  at  the  previous  step,  by 


q.li.j)  =  0  -  jJAgr 


N  means  the  position  where  vorticitv  is  almost  zeio.  Of  course 
i>c  should  he  also  supplied:  here  it  is  assumed  to  be  equal  to 
50  times  of  the  molecular  viscosity. 

Invoking  Eq.  (13).  viscous  velocity  components  are  deter¬ 
mined  by  integration  of  yielded  vorticitv  distributions.  In  the 
integration  of  Eq.  (13)  the  vorticitv  distribution  in  B-rcgion  is 
also  included  which  is  determined  by  Eq.  (A-l  1}  bv  use  of  the 
boundary  layer  calculation  results.  The  interaction  components 
due  to  the  image  vorticities.  u, .  v, .  given  by  Eq.  (16). arc  added 
to  it  together  with  the  potential  components,  given  by  Eq.  (36). 

Then  the  velocity  field  of  C-tcgion  has  been  fully  deter¬ 
mined.  But  at  the  present  stage  it  has  been  determined  inde¬ 
pendently  on  the  D-region  flow.  This  is  of  quite  the  same  situa¬ 
tion  as  the  ordinary  boundary  layer  calculation  where  the  poten¬ 
tial  flow  is  calculated  with  ncglcction  of  the  boundary  layer  flow 
at  first.  The  D-region  contribution  w31  be  taken  into  account 
after  the  D-region  calculation. 

Finally,  the  D-region  calculation  is  carried  out.  Eq.  (hi¬ 
ts  transformed  into  a  finite  difference  form: 


B  =  Vg  jliilLllj 

3  AClACt'  Ags 


qstx.j) 


Gili+l.j)  -qsCi-l.jl 


C  a  - - - 

3  ASiUCj'+AO  ' 


D  =  -B.«2  (i  ,j-l)  +  (  - - —  ) 

3  3  ACjACj  Ail 


•wz(i.j)  -  CjtujU.j-l)  - 


etc.  are  short  line  segments  as  shown  in  Fig.  7. 

Eq.  (41)  is  a  tridiagonal  linear  equation  which  can  be 
solved  if  Wj  (i,  0)  and  q,  (i,  j)  are  provided.  cos  (i,  0)  is  the 
value  of  vortkity  at  x3  =  0.  namely,  on  DSL  and  it  is  zero  after 


,  rr,  !t  -ivqs<i»j+1)  -qt(i.j-l) _ i 

+  qiliOl - — - -  -  3T 


eiuiXi 


,  qiu-x.iL 

'*■  Ki  1  ASiAgn  Ag.Agj  AgiAgu 

_  q^ ii+i, i»ii-q3 (j+i. i-ii  -^3(3-1. j+i)  +  qyu-i.j-i)-. 
AsijACu 

+  2..  . ' q  5  <*’3*1?  SliitlL  t  5l iiajzll) 

*  '  AgiAgu  AgjAgj  AgjAgjj  •  (44) 


where  A*,,  etc.  are  the  sum  of  Af ,  and  •'(; .  The  velocity  com- 


ponems  q,  and  q,  in  D-region  can  be  obtained  by  solving  Eq. 
(J4,>  together  with  the  continuity  equation,  Eq.  (12).  The  requited 
boundary  conditions  are 


<3,  =  (31C  '  <3j  =  Sac  on  JSL>  (45) 


qj  "  0  '  1^7  =  0  '  on  y=<>' 

hUsT,  1 1773x1 J  =  0  '  q i  =  0  on  Hul1' 


where  q •  Ci  qJC  are  C. region  velocities.  The  pressure  gradient 
appearing  in  Eq.  (44*  is  known,  because  the  pressure  is  constant 
in  \ j  direction  in  D-region  (Eq.  (8)1,  they  are  supplied  by  the 
C-region  results  on  DSL.  They  are  given  by 


1  3P 

phjSx,  "  Ve 


3  ,  3*3;  '  _ 

haaxj1 h33x3J  q 


3*3;  _ 

ihi3xj  q3hjoXj 


on  DSL, 


where  q,.  q5  are  already  known  in  the  C-region  calculation. 

For  the  constants  «,/!'?,  k3/UI!,  appearing  in  Eq.  (44), 
0.2  and  0.001  are  used  after  some  numerical  trials. 

Now  the  flow :  for  all  the  region'  have  been  determined. 
The  results  at  the  present  stage  may  be  called  the  first  iteration 
solution  because  the  existence  of  D-region  is  not  taken  into 
account  for  the  outer  flow  (so  this  stage  may  correspond  to  the 
ordinary  boundary  layer  approximation). 

The  second  iteration  is  carried  out  by  including  D-region 
also  in  the  non-zero  vorticitv  region  in  Eq.  (13).  The  vorticity 
distribution  in  D-region  can  be  determined  by  Eq.  (A-ll).  The 
addition  of  its  induced  velocity  (this  may  be  called  D-region 
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contribution)  gives  the  final  results  for  the  C-region  flow.  Then  the 
D-region  calculation  and  interaction  calculation  are  carried  out 
again  tor  the  new  boundary  conditions  on  DSL  which  gives 
the  final  velocity  field. 

In  the  present  scheme  the  E-region  flow  is  neglected. 
In  this  connection  the  first  boundary  condition  on  hull  in  Eq. 
(45)  has  come:  in  E-region  q,  is  assumed  to  be  linear  in  x,  direc¬ 
tion 


The  final  results  of  velocity  distributions  at  x/£  =1.0  and 
1.-  are  shown  in  Fig.  8  together  with  those  measured.  The 
Reynolds  numbers  are  1.68  x  104  for  EM-125  and  EM-300, 
1.295  x  10‘  for  EM-200  respectively. 

The  measurements  are  carried  out  at  the  half  of  draft 
by  5-hole  pitot  tube  with  its  axis  coincident  with  main  flow 
direction.  By  such  a  method  we  can  not  be  sure  of  the  possibi¬ 
lity  of  measurements  hr  recirculating  flows.  So  results  of  the  D- 
region  flow,  where  recirculating  or  retarding  flows  are  suspected, 
may  be  just  for  references.  It  is  confirmed  that  2-D  flows  are 
really  realized  by  the  equipment  of  end-plates. 

As  a  whole  the  computed  results  show  good  agreements 
with  measured  except  in  case  of  EM-300.  According  to  flow 
observations  significant  fluctuations  of  wake  flow  are  observed 
in  case  of  EM-300,  which  may  suggest  limitations  of  the  present 
method  where  quasi-steady  flows  are  assumed.  In  case  of  EM-200, 
velocity  measurements  arc  carried  out  by  towing  ship  astern. 
It  is  very  interesting  that  the  potential  velocities  are  providing 
good  agreements  with  those  measured  in  such  a  way. 

Fig.  9  is  one  of  the  examples  which  shows  the  components 
of  the  C-region  flow.  The  interaction  term.  u,.  v,  is  not  so 
small  while  the  D-region  contribution  is  small. 


Fig.  9  Decomposition  of  Velocity  at  x/'S  =  1.0  (EM-200) 


rig.  10  is  the  additive  source  distributions  which  induce 
the  interaction  components.  They  do  not  increase  monotonously 
like  displacement  thickness  but  they  get  maximum  around  the 
separation  positions  and  once  decrease,  then  increase  again. 
The  present  results  seem  reasonable  because  boundary  layer 
developments  get  significantly  less  by  separations. 


Fig.  10  Hull  Surface  Source  Distributions  Represent¬ 
ing  Interaction  Component 

Fig.  11  shows  the  vorticity  distributions  at  x/£  =  1.1,  1.2 
and  1.3.  There  measured  results  are  also  shown  in  case  of  EM- 
200  which  arc  obtained  by  differentiatiens  of  measured  velocity. 
Some  of  calculated  results  are  not  continuous  on  DSL  due  to  the 
dissatisfaction  of  the  continuity  in  velocity  gradients  on  DSL 
which  is  not  required  in  the  present  computations. 
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Fig.  11  Vorticity  Distributions  sx/£  =  1.1.  1.2.  1.3) 


Comparisons  between  models  show  just  dislocation  of  the 
peaks  but  not  significantly  in  magnitudes.  The  dislocation  means 
the  wake  of  EM-300  is  wider  than  others  and  eventually  the  head 
loss  too.  The  measured  distributions  are  more  mild  than  calcu¬ 
lated;  the  peak  is  less  and  the  wake  width  is  wider.  This  means 
the  diffusion  is  more  mtensive  in  real  flows.  This  discrepancy 
seems  to  be  removed  by  choosing  a  larger  diffusion  constant  than 
50v.  but  the  value  of  the  diffusion  constant  does  not  affect  so 
much.  For  the  improvements  some  of  neglected  terms  should 
be  revived,  which  is  left  for  fiiturc  works. 

Any  way  wc  can  safely  conclude  that  the  present  results 
are  applicable  to  the  resistance  estimations  with  required  accuracy. 

4.3  Viscous  Resistance 


Before  the  calculation  of  viscous  resistance,  presiure 
distribution;,  which  are  necessary  for  it,  are  determined;  by  Eq. 
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(28)  for  the  C-region  and  by  Eq.  (8)  for  the  D-region. 

In  Fig.  12  calculated  results  arc  compared  with  measured 
:n  case  of  EM-200,  The  pressure  is  measured  by  a  static  pressure 
tube  which  is  of  1.2  mm  diameter  with  .wo  0.4  mm  $  hole; 
on  diametrically  opposite  sides.  (The  accuracy  of  the  mcasuie 
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ments  is  checked  by  measuring  the  pressure  field  by  towing 
a  model  astern;  they  show  good  agreements  with  potential  calcu¬ 
lations  as  shown  in  Fig.  12.)  Though  discrepancies  still  exist  m 
the  outei  parts  of  wake,  they  are  rather  well  reproduced.  In  the 
calculation,  ve  is  assumed  10*  times  of  the  molcular  viscosity 
which  differs  much  from  that  used  in  the  diffusion  calculation. 
This  may  be  open  to  discussions,  but  the  present  author  is  of 
opinion  that  vt  can  not  be  always  related  to  a  single  constant 
but  it  may  depend  on  the  related  physical  variables,  e.g.,  pressure, 
vorticity  and  so  on. 

The  viscous  resistance  calculation  can  be  carried  out  now 
by  invoking  the  previous  fcsults.  In  the  present  calculation,  the 
integrations  in  Eq.  (19)  are  carried  out  on  more  than  a  single 
control  surface  and  averaged;  two  or  three  control  surfaces  arc 
chosen  around  xjt  -  1.2  in  calculations.  Experiments  are  carried 
out  at  far  downstream;  x/8  =  1.9  for  EM-125  and  EM-200,  xjt  = 
2.8  fc*  EM-300  respectively. 

The  measured  total  head  losses  are  shown  in  Fig.  13 
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Fig.  12  Pressure  Distributions  in  Wake  of  EM-200 
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Fig.  13  Total  Head  Losses 
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Fig.  14  Comparison  of  Viscous  Resistance 


toother  with  the  calculated  result  of  EM-200.  Their  integrations 
provkle  the  viscous  resistance,  the  first  term  of  Eq.  (19).  Because 
the  calculation  is  carried  out  just  behind  the  stern,  the  head 
loss  b  keenly  concentrated  (the  coordinate  should  be  changed 
from  the  right  to  the  Iefi  when  y  approaches  to  zero:.  Measure¬ 
ments  are  carried  out  by  a  pitot  tube  with  end-plates. 

Fig.  14  shows  comparisons  of  the  viscous  resistance. 
Calculated  results  agree  well  with  measured  exc^-t  EM-300  which 
is  unnaturally  smaller  than  measured  (this  may  be  due  to  the 
same  reason  as  mentioned  in  4.2).  In  Fig.  14  the  frictional 
resistance  curves  are  also  shown  which  are  obtained  by  Eq.  ,23) 
where  skm  frictions  of  the  boundary  layer  calculation  are  used. 
Subtractions  give  the  viscous  pressure  resistance  indirectly. 

As  far  as  the  present  results  are  appreciated,  it  is  safely 
concluded  that  the  viscous  resistance  can  be  proportional  to 
the  frictional  resistance.  Of  covc-se,  this  may  be  limited  to  the 
case  where  significant  free  surface  effects  are  not  existing. 

4,4  Wave  Resistance 

In  the  present  case,  because  3w/dz  at  z  =  0  va  lishes  for 
all  the  used  models,  the  second  term  of  Eq.  (31)  disappears. 
Calculated  velocity  distributions  are  substituted  into  E<j,  l31;. 
For  the  velocity  distributions  far  behind  in  wakes,  namely. 
x>  1.20.  1.25  and  1.35  for  EM-125.  EM  200  and  EM-300  re 
spcctwely.  similar  profiles  are  assumed:  the  maximum  velocity 
defect  at  v  =  0.  U-u  (x.  0).  s  assumed  to  be  proportional  to 
x  ‘:/J  while  the  breadth  of  wake  spreads  to  proportionally  to  x  . 

In  Fig.  15.  the  calculated  wave  resistance  is  compared 
with  experiments  m  the  total  resistance  form  after  adding  it  io 
the  viscous  resistance  curves.  This  ts  because  some  difficulties  are 
found  in  determination  of  the  form  factor  K  •■experiments  are 
carried  out  3-Jnncnstoii.dk  and  the  viscous  resistance  is  differing 
from  the  results  of  the  previous  section). 

The  results  of  viscid  calculations  arc  less  in  magnitude 


than  those  of  inviscid  but  no  significant  shifts  in  the  hump-hollow 
phases  are  still  observed.  But,  as  far  as  low  speed  ranges  are  con¬ 
cerned  (we  should  remind  here  the  wave  resistance  theory  os 
which  we  have  entrained  a  based  on  the  low  speed  assumption), 
the  present  results  arc  well  reproducing  relatively  to  the  inviscid 
cases.  So  it  may  be  safely  concluded  that  the  neglect -on  of  vis¬ 
cosity  b  partially  responsible  for  the  discrepancies  between  the 
inviscidly  calculated  results  and  experiments. 

The  above  conclusion  can  be  supported  from  another 
point  of  views.  The  total  resistance  curves  shew  us  that  the  hump- 
hollow  phases  arc  shifting  to  lower  speed  side  in  the  order  of 
EM-300.  EM-200  and  EM-125.  Thb  means  the  effective  length 
of  snips,  the  length  between  the  bow  and  the  stern  wave  origins, 
gets  shorter  in  thb  order,  in  other  words,  the  stern  wa-e  origins 
move  forward  in  thb  order.  And  if  experimental  results  are  plotted 
against  Froudc  numbers  based  on  the  effective  length,  the  phase 
shift  w8l  disappear.  It  b  easily  Blessed,  as  shown  in  Fig.  2.  the 
stem  waves  are  generated  around  the  separation  positions.  So 
phase  shifts,  which  are  giving  fatal  discrepancies  between  invbcid 
calculations  and  experiment:,  are  related  to  the  sensation,  in 
other  words,  related  to  the  viscosity. 

Apart  mg  from  the  present  discussions,  it  b  interesting  the 
resistance  curve  of  EM-3*30  b  sign  ficantk  different  from  others 
the  wave  resistance  does  not  increase  so  much  against  the  speed 
(we  have  found  there  difficult t.-s  to  determine  the  form  factor. 
In  case  of  EM-300  more  intensive  interactions  between  wave  and 
wake  may  be  existing  than  those  taken  into  account  m  the  present 
paper  (free  surface  effects  on  wake  flow  or  separation  arc  not 
taken  into  account  here).  More  precise  experimental  studies  mav 
be  necessary. 

In  Fig.  16.  typical  example  ->f  amplitude  function  is  shown 
comparing  with  invbcid  and  vises?  .csslts  (".M-20®.  Fs  =  0.1“ 
There  significant  reductions  in  ampmude  af  transverse  wave 
components  arc  observed  which  m?:nk-  contribute  to  the  reduc¬ 
tion  of  wave  resistance.  But  no  s%nitie*n*  phase  shifts  are 
observed. 


Fig.  15  Comparisons  of  Wave 
Resistance 
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i.  CONCLUDING  RE-MARKS 

Fowkes^  Kaa,-ii  can  he  mentioned  as  towlassni. 
1  :•  The  present  method  fas  predkiiont  of  near  wake  flow  b 
cffif*;sWt  at  kae  f«  the  245  flncj:  t»-  only  the  velocity 
hat  she  pressure  dtstnbaikKts  arc  well  reproduced. 

2:  The  etscoas  resistance  a  estimated  together  with  the  ttstsona) 
tcsotantc.  As  to  the  24)  flaws.  the  vaeass  resistance  *  pro. 
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3s  The  wave  ressHunce  a  estimated  me  hid  mg  viscous  effects. 
Though  the  craistitset!  of  vtseoKy  docs  sot  compensate  all 
of  the  tnstsffkieBetes  of  the  polenta!  theory,  vtscous  effects 
are  appreciable. 
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APPENDIX  REYNOLDS  EQUATIONS  ANF-  ORTiOTY 
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Discussion 


V.C.  Patel  (Univ  o I  Iowa) 

Professor  Mori's  model  of  the  flow 
over  the  stern,  as  depicted  in  Fig.l,  ap¬ 
pears  to  be  valid  for  a  two-dimensional 
bluff  body  where  a  region  of  reverse  flow 
can  usually  be  identified.  Figure  2  for 
EM-200  and  similar  pictures  for  MS-02  (whose 
aft  section  also  had  elliptic  framelines, 
see  Hatano,  Mori  and  Hotta  :  \zth  Sym. 

Naval  Hydrodynamics)  indicate  that  slender, 
nearly  two-dimensional  forms  also  lead  to 
pockets  of  reversed  flow.  However,  such 
flow  reversals  are  usually  not  observed  on 
the  highly  three-dimensional  sterns  of  real 
ships  except  perhaps  at  the  free  surface. 
Instead,  one  observes  reversal  of  the  cross- 
flow  within  a  thickening  boundary  layer  and 
the  formation  of  a  longitudinal  vortex. 

Would  the  author  comment  on  the  possibili¬ 
ties  of  extension  of  the  proposed  model  and 
solution  procedures  to  such  cases  ? 


N  Kato  (Tokai  Univ ) 

I  appreciate  the  author's  paper  which 
contributes  to  the  theoretical  analysis  of 
near  wake  including  separated  vortices. 

I  have  three  questions  ; 

(1)  Although  the  autnor  derived  the 
three  governing  equations  from  the  Navier- 
Stokes  equations  by  the  use  .jf  small  para¬ 
meter  e  defined  in  the  equation  (1) ,  the 
author  made  an  additional  assumption  of  the 
location  ~c  the  dividing  streamline  which 
is  ought  a  be  solved  essentially  in  a 
closed  procedure.  I  would  like  to  have  the 
author's  comment  on  this  problem. 

(2)  The  author  expressed  that  the  dis¬ 
agreement  of  the  calculated  resu.i  ts  about 
the  velocity  distributions  of  the  near  wake 
flew  and  the  viscous  resistance  of  EK-300 
model  with  measured  is  due  to  an  unsteady 
wake  flow  of  the  model  which  is  not  taken 
into  account  in  the  proposed  method  by  the 
author.  But  I  think  the  disagreement  is 
also  due  to  the  assumed  location  of  the 
dividing  streamline  which  is  influential  on 
the  solution.  May  I  have  a  comment  of  the 
author  ? 

(3)  I  would  like  to  ask  if  the  author 
has  any  idea  to  develop  the  proposed  method 
to  analyse  three  dimensional  separated  flows 
including  longitudinal  bilge  vortices  as 
observed  in  the  wakes  of  full  ships. 


S.H.  Kang  (KRIS) 

I  deeply  appreciate  the  research  of 
near-wake  and  resistance  calculations  by 
Prof.  Mori.  Congratulations  !  Here  I  would 
like  to  make  two  suggestions  and  one  ques¬ 
tion. 


It  seems  to  be  quite  valuable  to  de¬ 
velop  the  calculation  technique  of  the 
vorticity  diffusion  region  further  by  using 
experimental  data  of  simple  cases,  without 
D  region  before  the  theory  is  extended  to 
more  complicate  or  three  dimensional  cases 
for  practical  purposes.  Vorticity  diffu¬ 
sion  method  might  be  promising  to  handle 
the  thick  boundary  layer  and  near-wake  in 
such  cases.  Velocity  fields  around  the 
thin  body  1  have  been  measured  in  the  wind- 
tunnel  by  Kang  2 . 

When  we  estimate  the  wave-making  re¬ 
sistance,  both  viscous  effects  and  wave 
potential  effects  are  important  of  the  same 
order  even  in  the  low-speed  range  3 . 
Therefore  corrections  for  the  body  boundary 
condition  violated  by  the  wave-potential 
near  the  bow  will  be  good  for  the  estima¬ 
tion  of  wave  resistances. 

The  author  decomposes  the  total  veloci¬ 
ty  into  three  components  ;  pure  potential, 
viscous,  and  interaction  term.  The  last 
one  is  obtained  by  distributing  additional 
sources  on  the  body-surface  to  satisfy  the 
zero-normal  velocity.  It  is  still  not  clear 
whether  we  should  keep  the  non-slip  condi¬ 
tion/  or  zero-normal  velocity  on  the  sur¬ 
face.  If  we  consider  non-slip  condition  to 
be  more  reasonable,  I'd  like  to  remind  the 
author  a  vorticity  theorem  suggested  by 
Landweber  4  as  follows. 

Consider  a  steady  mean  flow  of  an  in¬ 
compressible  fluid  about  a  body  at  rest  in 
an  unbounded  fluid,  with  mean  vorticity 
present  in  the  boundary  layer  and  wake, 

BLW,  bounded  internally  by  the  body  surface 
S  and  externally  by  the  surface  T  ;  see  Fig. 
The  boundary  conditions  to  be  satisfied 
are  the  non-slip  condition  on  the  external 
side  of  S  and  the  irrotationality  of  the 
flow  exterior  to  T.  Then  the  disturbance 
flow  exterior  to  S  can  be  generated  by  the 
vorticity  in  BLW  only. 

Therefore  viscous  components  by  Eq. 

(13)  in  the  paper  already  include  the  others 
implicitly  except  the  incident  uniform  flow, 
if  correct  vorticities  are  -btained.  We 
can  find  the  summation  of  viscous  component 
and  D-region  contribution  make  very  amount 
of  the  velocity  defect  of  the  total  velocity 
profile  in  Fig. 9.  Vorticity  distributions 
have  already  taken  account  of  displacement 
effects  of  the  boundary  layer  and  wake. 


T 


Figure 
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Author’s  Reply 


K.  Mori  (Hiroshima  Umv ) 


Thank  you  Prof.  Patel  for  your  discus¬ 
sions.  Prof.  Patel's  understanding  is  true 
for  the  cases  of  real  ships. 

In  my  scheme,  the  longitudinal  vorti- 
city  component  w i  is  assumed  to  be  of 
higher  order  by  e  than  that  of  the  girth 
direction  component  to 2 .  So  eventually  the 
diffusion  of  u>i  is  neglected.  But  if  we 
make  another  assumption  that  the  order  of 
toi  is  the  same  as  other  components,  we  may 
be  possible  to  predict  the  ship  stern  flow. 
In  that  case  near  the  separation  position, 
the  boundary  layer  equation  should  be  solv¬ 
ed  appreciating  even  reverse  cross-flows; 
unless,  the  revival  of  01  is  meaningless. 

Of  course,  significant  interactions 
between  the  longitudinal  vortex  and  the 
outer  flow  can  not  be  presented  by  the  pre¬ 
sent  scheme  generally. 


(1)  Your  suggestion  to  carry  out  for 
simple  cases  without  D-region  flow  is  quite 
important  to  check  the  validity  of  the  pre¬ 
sent  method.  It  has  been  already  carried 
out  in  case  of  a  flat  plate  in  our  paper  of 
1978.  See  Fig.Al.  The  second  iteration  is 
also  carried  out  there. 

(2)  Unfortunately  I  have  not  yet  read 
Dr.  Kang's  paper.  But  it  may  be  true  that 
the  introduction  of  the  exact  hull  surface 
condition  including  the  free-surface  effects 
may  bring  forth  improvements  to  some  extent. 
The  author,  however,  is  convinced  that 
neglect  of  the  free  surface  effects  may  be 
within  the  order  of  our  approximations  (see, 
ref. 7  in  my  text).  Apartina  from  the 
viscous  flow  problem,  neglect  of  the 

free  surface  effects  in  the  hull  surface 
condition  does  not  matter  so  significantly 
(see  the  results  of  the  Washington  workshop 
results) . 

(3)  It  may  be  true  that  the  vorticity 
distributed  in  BWL  is  enough  to  produce  the 
velocity  deffect,  if  and  only  if  the  vor- 
t: iity  distribution  has  been  obtained  to 
satisfy  the  hull  surface  condition.  In  my 
present  scheme,  the  vorticity  distribution 
is  solved  without  hull  surface  condition  at 
the  first  stage.  Unless  it  may  get  very 
difficult  to  solve  the  diffusion  equation; 
one  of  the  possible  way  is  to  solve  by  the 
time-step  method.  The  mirror  image  of  vor¬ 
ticity  is  determined,  at  the  second  s'. age, 
in  order  to  satisfy  the  hull  surface  condi¬ 
tion.  So,  hopefully,  the  final  results  may 
be  the  same. 


Y 

0.03 


-  CAlCUlAlED  BY  HRS!  ITERATION 

_  00.  BY  SECOND  11ERA!I0« 

•  MEASURED  BY  CHEYRAY  , 

AND  KOYASZNAY  (1969), 


Thank  you  Dr.  Kato. 

(1)  It  is  true  that  the  dividing 
streamline  is  ought  to  be  solved  in  a  closed 
procedure.  The  author  supposes  that  the 
velocity  field  obtained  by  using  the  assumed 
dividing  streamline  corresponds  to  that  of 
the  first  iteration.  For  the  second  iter¬ 
ation  it  can  be  determined  from  the  velocity- 
field  of  the  previous  iteration.  Such  a 
procedure  to  assume  the  direction  of  the 
vortcity  shedding  is  very  common  in  the  air¬ 
foil  theory. 

(2)  The  author  has  attempted  velocity 
predition  for  another  dividing  streamline. 
But,  unfortunately,  no  significant  improve¬ 
ments  can  be  obtained. 

(3)  The  answer  to  Professor  Patel  may 

be  referred. 

Thank  you  Dr.  Kang  for  your  valuable 
suggestions . 


rig.  Al  Comparison  of  Velocity  Profiles  in  Sear 
Wake  Flow  of  a  Flat  Plate,  (x  is  non- 
dimensional  length  divided  by  the  plate 
length,  which  is  2h0  cm.  Its  origin  is 
at  the  trailing  edge.) 
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ABSTRACT 

This  paper  summarises  a  method 
developed  for  the  calculation  of  the  flow 
development  around  the  aft-end  of  ships  at 
the  British  Ship  Research  Association 
(BSRA)  within  the  context  of  the  Propeller- 
Hull  Interactive  Vibration  Excitation 
(PHIVF)  Project. 

The  method  consists  of  four  parts.  The 
first  part  is  the  computation  of  the  poten¬ 
tial  flow  with  surface  singularity  distri¬ 
bution.  The  second  part  calculates  the 
development  of  the  boundary  layer  by  means 
of  a  relatively  simple  integral  method 
which  provides  approximate  information  on 
the  outer  edge  of  the  boundary  layer  as  well 
as  the  numerical  values  for  integral  flow 
parameters,  such  as  displacement  thick¬ 
nesses,  momentum  thicknesses,  etc.  The 
third  part  modifies  the  potential  flow 
calculations  due  to  the  displacement  effect 
of  the  boundary  layer  and  wake  and  provides 
velocity  and  pressure  values  at  the  edge  of 
the  boundary  layer.  The  fourth  part  calcu¬ 
lates  the  boundary  layer  development  at  the 
aft-end  by  using  a  modified  version  of 
Bradshaw's  turbulent  energy  method. 

The  program  developed  for  the  imple¬ 
mentation  of  this  method  is  used  to 
calculate  the  boundary  layer  development 
of  a  ship  model  and  the  results  are 
compared  with  experimental  data.  Some 
conclusions  are  drawn  and  areas  for 
further  progress  are  proffered. 

1,  INTRODUCTION 

The  need  to  predict  the  flow  around 
ship  afterbodies,  in  particular  ship  wakes 
arises  from  the  fact  that  in  order  to 
avoid  unsteady  cavitation  and  consequential 
high  levels  of  vibration  and  noise, 


propeller  and  hull  designers  need  to  know 
the  velocity  distribution  in  the  propeller 
plane  to  distinguish  between  acceptable 
and  unacceptable  wake  flows  and  where 
necessary  to  alter  the  hull  geometry  to 
improve  the  flow.  Studies  at  BSRA  during 
the  recent  PEV  (Propeller  Excited  Vibration) 
Project  indicated  the  importance  of  the 
knowledge  on  the  flow  around  afterbodies 
of  a  ship,  as  far  as  the  cavitation  induced 
vibratory  excitation  is  concerned,  cf. 
Cdabasi  and  Fitzsimmons  (Ref.  1). 
Additionally,  it  has  been  known  for  some 
time  that  the  existence  of  an  early 
separation  and  heavy  vortex  shedding 
increases  the  total  resistance  of  ships 
whereas  light  vortex  shedding  can  contri¬ 
bute  towards  the  improvement  of  the  wake. 
Knowledge  on  the  flow  around  the  aft-end 
of  ships,  therefore,  can  also  provide  use¬ 
ful  information  for  reducing  the  total 
resistance  of  a  given  parent  form. 

To  reduce  the  vibration  excitation  due 
to  propel1 er-hull  interaction  and  to 
prepare  guidelines  for  aft-end  design  of 
ships  it  is  considered  necessary  to  be  able 
to  predict  the  flow  around  the  aft-end  and 
work  towards  this  end  has  been  an  important 
part  of  the  PHIVE  (Propeller-Hull  Inter- 
ation:  Vibration  Excitation)  project.  The 
work  reported  summarises  the  method 
developed  in  BSRA  to  calculate  aft-end 
flow  and  near  wake  of  ships,  including  the 
effect  of  propeller-bull  interaction. 

Since  the  aim  of  the  PHIVE  Project  was  to 
produce  methods  and  procedures  to  be  used 
by  the  industry  rather  than  a  purely 
theoretical  research,  development  of  the 
BSRA  method  has  been  based  on  three 
principles: 


(1)  making  best  use  of  the  existing  capa¬ 
bilities  such  as  methods  and  computer 
programs, 

(2)  making  the  method,  and  hence  the 
program  suite  GEMAK,  an  economically 
viable  proposition  by  adopting  programs 
which  require  less  computational  cost, 
and 

(3)  making  sure  that  the  final  output 
correlates  well  with  cne  experimental 
data  and  that  the  predictions  made  by 
the  method  can  provide  reasonable 
estimates  for  ship  wakes. 

To  fulfil  the  first  requirement  an 
extensive  review  study  has  been  conducted 
to  assess  the  feasibility  of  alternative 
methods  calculating  the  flow  fields  around 
ship  hulls  and  the  general  outline  of  the 
BSRA  method  has  emerged.  The  second 
requirement  necessitated  some  numerical 
experimentation  in  order  to  optimise  the 
numerical  computation  schemes,  and  the  last 
requirement  gave  us  the  opportune »y  to 
re-examine  the  various  schemes  employed  in 
the  method  (in  the  light  of  the  detailed 
boundary  layer  and  near  wake  measurements 
conducted  by  NMI)  and  reformulate  some  of 
them  by  making  a  term-by-term  order  of 
magnitude  analysis  rather  than  a  hypothe¬ 
tical  order  of  magnitude  analysis.  The 
final  outcome  became  a  hybrid  method  as 
illustrated  in  Fig.  1  which  will  be 
discussed  in  more  detail  later. 

The  method  has  been  tested  against  a 
number  of  model  test  results  for  which  the 
boundary  layei  results  are  available,  and 
to  illustrate  its  application  a  comparison 
of  computed  results  and  experimental  data 
for  the  Hoffmann's  tanker  form  (Ref.  2) 
and  for  NMI  test  forms  are  presented 
together  with  some  discussion. 

The  final  part  of  the  paper  discusses 
the  merits  and  the  shortcomings  of  the 
method  developed  with  some  comments  on  the 
scope  for  possible  further  improvements. 

2.  PROBLEM  FORMULATION  AND  METHOD  OF 
SOLUTION  _ 


Following  the  initial  review  study  it 
became  evident  that  a  number  of  choices  had 
to  be  made  for  the  solution  of  a  number  of 
sub-problems.  The  first  question  was  on 
the  type  of  flow  around  aft-end  of  ships. 
Since  a  large  amount  of  extra  strain  rates 
are  present  in  the  flow  it  was  necessary  to 
decide  whether  the  flow  should  be  considered 
as  a  thickening  shear  layer  or  a  distortion 
layer.  This  choice  is  crucial  because  to 
use  an  ideal  vortical  flow  approximation 
would  be  more  appropriate  if  the  flow  was 
considered  as  a  distortion  layer.  From  a 
study  of  a  limited  amount  of  data  we 
concluded  that  the  role  of  the  Reynolds 
stresses  in  the  aft-end  flow  was  still 
important,  and  hence  it  should  be  treated 
as  a  complex  turbulent  shear  layer. 

The  next  task  was  to  devise  a  methodo¬ 
logy  and  a  computational  scheme  suitable 
for  the  calculation  of  a  complex  shear 


layer,  which  requires  sequential  compu¬ 
tation.  Since,  in  our  experience,  integral 
methods  produce  sufficiently  accurate 
result  for  the  initial  75  per  cent  of  the 
ship  where  the  flow  is  a  simple  shear  layer 
with  the  exception  of  the  flow  around  the 
bow,  we  concentrated  only  on  the  aft-end 
flow.  In  the  light  of  the  experience  of 
other  researchists,  cf.  Landweber  (Ref.  4), 
Larsson  (Ref.  5),  Himeno  and  Tanaka 
(Ref.  6),  it  was  understood  that,  at 
present,  integral  methods  could  not  produce 
the  desired  result  and  hence  a  differential 
method  had  to  be  used.  It  was  also  clear 
that  almost  all  of  the  available  differen¬ 
tial  methods  were  suitable  mainly  for 
simple  shear  layers  and  hence  some 
additional  modifications  would  be  necessary 
independent  of  the  choice  being  made  on 
the  method.  As  will  be  discussed  later, 
analysis  led  to  the  belief  that  the 
Bradshaw's  turbulent  energy  method  (Ref.  7) 
was  the  best  choice  for  this  particular 
flow.  The  next  consideration  was  the 
determination  of  initial  and  boundary 
conditions  for  the  boundary  layer  calcu¬ 
lation.  The  initial  conditions  were 
obtained  from  Gadd's  integral  method  (Ref. 

8)  by  employing  it  for  the  forward  part  of 
the  hull.  To  obtain  the  boundary  conditions 
at  the  edge  of  the  shear  layer  a  reasonable 
estimate  (not  necessarily  very  accurate)  of 
the  boundary  layer  development  at  the  aft- 
end  was  required  in  order  to  account  for 
the  boundary  layer  displacement  effect. 
Gadd's  method  (Ref.  8)  was  again  used  to 
determine  both  the  displacement  and  the 
boundary  layer  thicknesses  from  which  the 
velocities  on  the  matching  surface  (which 
encloses  the  boundary  layer)  were  obtained. 

There  were  still  further  problems 
regarding  the  choice  of  the  potential  flow 
calculation  method,  inclusion  of  the  extra 
strain  rates  and  normal  pressure  gradient, 
the  choice  of  the  coordinate  system  and 
the  numerical  scheme  for  the  shear  layer 
calculations  which  is  discussed  below. 
However,  the  scheme  of  calculation,  as 
shown  in  Fig.  1  emerged  at  this  state  of 
the  investigation. 

3.  CALCULATION  OF  POTENTIAL  FLOW 

As  is  well  known  flow  around  a  body, 
moving  with  a  constant  velocity  on  the 
otherwise  undisturbed  free  surface  of  a 
liquid,  can  only  be  computed  by  adopting 
certain  assumptions.  Although  the  basic 
assumptions  allow  us  to  formulate  the 
problem  within  the  framework  of  the  classi¬ 
cal  potential  theory,  the  existence  of  a 
free  surface  and  the  representation  of  the 
body  surface  create  additional  problems, 
which  necessitates  some  further  simplifi¬ 
cations. 

For  the  solution  of  the  irrotational 
flow  about  a  ship  form,  a  number  of 
potential-flow  methods  have  been  developed. 
In  reality  however  all  of  them  are 
restricted  due  to  the  complexity  of  the  two 
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major  boundary  conditions,  namely  the  body 
surface  and  the  free  surface  conditions, 
which  can  be  treated  in  their  linearised 
form.  As  is  well  known,  from  theoretical 
wave  resistance  studies  even  for  the  time 
consuming  second  order  theory,  the  agree¬ 
ment  with  experimental  results  is  not 
particularly  good.  Therefore  in  recent 
years  methods  satisfying  the  exact  body 
surface  condition  have  received  much  more 
attention.  Following  the  first  success  of 
Hess  and  Smith  (Refs.  9,  10),  the  methods 
of  Surface  Source  Distribution,  (SSD)  have 
been  applied  to  various  problems. 

The  original  approach  by  Hess  and  Smith 
does  not  include  the  free  surface  effect 
and  hence  gives  the  solution  of  Neumann 
problem  for  a  given  form  and  its  image, 

(i.e.  Double  model  in  an  infinite  fluid). 

In  order  to  improve  the  accuracy  of  the 
results  obtained  from  the  Neumann  problem, 
Brard  (Ref.  11),  and  many  others  studied 
the  Neumann-Kelvin  problem  which  again  takes 
the  exact  body  surface  condition  into 
account  and  includes  the  effect  of  free 
surface  in  its  linearised  form.  In  an 
attempt  to  include  the  non-linear  free 
surface  effects,  Gadd  (Ref.  12)  introduced 
the  idea  of  additional  source  distribution 
in  the  region  surrounding  the  double  model 
in  the  undisturbed  free  surface  plane; 
recently  he  has  improved  his  method  by 
extending  the  free  surface  panels  to  cover 
a  larger  portion  of  the  disturbed  free 
surface  region  and  by  adding  a  new  distri¬ 
bution  of  Kelvin  sources  along  the  axis  of 
the  hull  at  one  third  of  the  draft,  (Ref. 
13).  Critical  evaluation  of  existing 
methods  can  be  found  in  the  review  studies 
of  Wehausen  (Ref.  14),  Tinman  (Ref.  15), 
Chapman  (Ref.  16)  and  many  others.  A 
number  of  sophisticated  SSD  methods  are 
available,  but  even  with  current  computers, 
the  computation  of  the  flow  around  a  three- 
dimensional  body  requires  a  large  amount  of 
computer  time  and  also  careful  thought  for 
the  rational  discretisation  of  the  body 
surface;  that  is,  to  avoid  unrealistic 
results  and  numerical  instabilities,  the 
size,  shape  and  the  number  of  surface  source 
facets  have  to  be  careful’y  selected  before¬ 
hand. 

In  the  early  stages  of  the  PHIVE 
project  extensive  work  was  carried  out  at 
BSRA  to  find  the  optimum  solution  of  various 
discretisation  problems  and  to  reduce  the 
computer  costs  for  the  potential  flow 
calculations  of  a  given  three-dimensional 
body.  In  this  work  classical  Neumann  and 
Neumann-Kelvin  problems  have  Men  solved. 

In  most  of  the  SSD  methods,  the  body 
surface  is  replaced  by  quadrilateral 
elements  or  facets.  One  of  the  major  draw¬ 
backs  of  this  approximation  is  that  the 
planes  formed  by  all  four  corners  of  each 
element  do  not  necessarily  match  the  real 
body  surface  hence,  either  a  discontinuity 
will  occur  on  the  source  surface  or  the 
centroids  of  each  element  (so  called  control 
points)  will  form  a  different  body  shape 
than  the  original  one.  This  statement 


becomes  particularly  significant  at  highly 
curved  regions  such  as  the  aft-ends  of 
ships.  To  avoid  such  errors  it  is  possible 
(1)  to  increase  the  number  of  elements  and 
hence  to  reduce  the  element  sizes  or  (2) 
to  employ  curved  surface  elements  with 
variable  source  density  as  is  investigated 
by  Hess  (Ref.  17,  18  and  19),  or  (3)  to  use 
only  triangular  surface  elements,  cf. 

Webster  (Ref.  20),  §aylan  (Ref.  21).  As  is 
expected  any  increase  in  the  number  of 
surface  elements  will  increase  the  computer 
costs  dramatically.  The  second  alternative, 
the  use  of  higher-order  surface  elements, 
has  also  its  own  drawbacks.  Hess  was  the 
first  to  show  that  the  effect  of  surface 
curvature  and  the  effect  of  the  variation 
of  singularity  distribution  are  of  the  same 
order  of  magnitude.  Therefore  inclusion  of 
only  one  of  them  is  inconsistent  and  also 
does  not  improve  the  accuracy  of  the  results 
sufficiently.  Use  of  the  consistent  higher- 
order  formulation,  such  as  paraboloidal- 
panel  linear-source  or  cubic-panel 
quadratic-source,  is  generally  not  feasible 
because  of  the  complication  of  problem 
formulation  and  because  of  the  much 
increased  computer  time  requirements.  The 
last  alternative,  to  increase  the  accuracy, 
that  is  to  represent  the  real  body  surface 
more  correctly  by  the  use  of  the  triangular 
surface  elements,  has  been  investigated  by 
BSRA.  Although  the  control  points  of 
triangular  elements  are  closer  to  the  real 
body  surface  and  all  three  corners  of  an 
element  will  lie  on  the  same  plane,  it  is 
found  that  if  the  characteristic  length  of 
an  element  is  larger  than  2.5  times  the 
distance  between  adjacent  control  points 
numerical  computations  become  unstable. 

This  limit  is  generally  exceeded  when  only 
triangular  elements  are  <'>'>"Sidered  and  some 
undesirable  waviness  appears  in  the  final 
results.  Figure  2  illustrates  this  type  of 
waviness  for  a  simple  axisymmetric  Huang 
form,  cf  Huang,  et  al.  (Ref.  22).  Another 
drawback  of  the  triangular  discretisation 
is  that  the  control  points  generally  do  not 
lie  in  the  same  vertical  plane  which  makes 
additional  interpolation  routines  necessary 
to  calculate  the  desired  properties  at  given 
vertical  positions. 

Having  considered  these  arguments  it 
has  been  decided  that  body  surface  should 
be  discretisea  by  using  quadrilateral  flat 
elements  (each  having  approximately  the  same 
size  and  area)  and  triangular  elements 
should  be  used  only  where  necessary.  As  an 
obvious  result  of  this  choice  higher  compu¬ 
tational  costs  become  almost  unavoidable. 

In  other  words,  for  better  representation 
of  body  surfaces  and  for  better  results,  the 
total  number  of  elements  should  be  kept  as 
high  as  possible,  or  else,  to  fulfil  the 
requirements  explained  in  the  first  section, 
a  different  approach  nas  to  be  found. 

During  the  PHIVE  project,  following  the 
choice  of  element  shapes,  a  new  discreti¬ 
sation  technique  has  been  developed  and  a 
pronounced  saving  on  computer  costs  was 
obtained  with  no  appreciable  decrease  in 
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accuracy.  For  ships  or  ship-like  bodies 
discretisation  is  made  by  using  an  expanded 
surface  and  in  the  data  generation  stage 
of  the  potential  flow  programs  (Double 
model  and  N-K  programs)  special  emphasis 
has  been  attached  to  the  fore-  and  aft-ends 
and  to  the  regions  where  the  curvatures 
change  suddenly.  It  is  considered  that  the 
user  should  have  the  opportunity  of  using 
his  engineering  judgement  in  the  preparation 
of  the  surface  elements.  Although  the  data 
generation  takes  longer  compared  to  the 
standard  process,  the  flexibility  introduced 
in  this  way  is  worth  the  extra  effort.  In 
addition  to  the  shell  expansion  type 
discretisation,  separated  modules  are  formed 
for  the  bottom  part  and  the  side  walls 
and  triangular  elements  are  also  used  to 
provide  a  better  approximation  to  the  hull 
geometry.  Figures  3  and  4  give  an  idea 
about  the  accuracy  of  the  results  obtained 
from  double-model  program.  As  can  be  seen 
from  these  figures,  for  the  Hoffmann  tanker 
form,  it  is  possible  to  achieve  a  reasonable 
pressure  distribution  with  fewer  number 
of  elements. 

As  the  main  purpose  of  the  study  is  to 
provide  information  on  the  flow  around  the 
aft-ends  of  ships,  possibilities  of  using 
a  simplified  representation  of  the  forebody 
have  also  been  considered  to  reduce  the 
number  of  surface  elements.  This  idea 
becomes  more  meaningful  if  the  variation  of 
pressure  and  streamlines  along  the  parallel 
middle  body  is  considered.  Having  investi¬ 
gated  the  effect  of  forebody  it  has  been 
found  that,  to  compute  the  aft  end  flow, 
the  front  23-40%  of  the  ship  can  be 
neglected  or  at  least  fewer  elements  of 
larger  size  can  be  used  to  represent  the 
forebody.  Figures  5  and  6  illustrate  this 
feature  for  a  Huang  body  and  for  Hoffman's 
tanker  form.  As  an  overall  comparison  of 
BSRA’s  discretisation  method,  the  stream¬ 
lines  around  the  same  tanker  form  have 
been  calculated  for  a  total  74  surface 
elements  and  are  plotted  in  Figure  7 
against  Hoffmann's  calculated  streamlines 
for  414  elements,  (Ref.  2). 

In  the  literature  there  is  a  large 
number  of  published  information  for  the 
double  body  problem  but ,  in  the  case  of 
the  (H-K)  problem,  both  theoretical  and 
experimental  results  are  rather  scarce.  In 
employing  the  (N-K)  approach  the  biggest 
difficulty  is  the  relatively  large  computer 
time  required.  The  reason  leading  to  the 
development  and  implementation  of  the  (N-K) 
program  is  that  the  results  of  the  double 
body  approach  are  only  valid  for  very  low 
Froude  numbers  and  inclusion  of  the 
linearised  free  surface  condition  is 
expected  to  provide  a  larger  range  of 
applicability.  On  the  other  hand  the 
computer  time  required  for  the  numerical 
integration  of  the  free  surface  related 
terras  increases  considerably,  i.e.  for  a 
ICJ,  1904-S  computer  the  elapsed  time  is 
found  to  be  nearly  21  hours  for  a  ship  form 
presented  by  60  surface  elements.  From  the 
limited  studies  conducted  at  BSRA  the 


following  findings  can  be  expressed: 

(1)  Following  the  procedure  explained  in 
Ref. (21),  the  results  obtained  from 
the  (N-K)  program  agree  well  with  the 
results  of  the  double  model  program 
for  very  low  Froude  number 

(Fr  1  0.01).  This  is  illustrated  in 
Figure  8  and  gives  the  confidence  for 
the  use  of  the  (N-K)  program. 

(2)  If  the  free  surface  effect  is 
considered  the  non-dimensional 
pressure  distribution  changes  from 
that  obtained  for  the  double  body,  cf. 
Figure  9.  In  this  Figure  the  experi¬ 
mental  results  of  Huang  and  von  Kerczek 
(Ref.  23)  and  the  theoretical  results 
reported  by  Adee,  et  al  (Ref.  24,  25) 
are  also  included  for  comparison. 

(3)  In  the  propeller  plane  the  effect  of 
a  linearised  free  surface  appears  to 
be  important.  For  the  Huang  body  No.l, 
the  differences  in  axial  velocities 
are  found  to  be  very  small ,  however 

in  tangential  and  radial  velocity 
components  there  is  a  significant 
effect,  cf.  Figures  10  and  11.  These 
results  confirm  the  belief  that  all 
three  components  of  the  velocities  in 
the  propeller  plane  should  be  measured 
in  order  to  make  meaningful  comparisons. 
As  is  shown  in  Figure  1,  within  the 
PHIVE  project,  potential  flow  calculations 
have  been  used  only  to  provide  the  necessary 
information  for  the  three-dimensional 
boundary  layer  calculations  and,  as  is 
explained  in  Section  2,  for  the  same  reason 
a  multi-stepped  procedure  has  been  designed 
including  Gadd's  integral  method  and  the 
program  unit  for  the  boundary  layer  dis¬ 
placement  effect,  (blow-out  program).  The 
linearised  free  surface  effect  has  been 
excluded  from  the  final  program  package  in 
order  to  keep  computer  requirements  within 
reasonable  limits,  but  the  experiences  gained 
from  the  (N-K)  program  and  surface  discreti¬ 
sation  technique  have  been  widely  used 
through  the  whole  hull  flow  suite. 

4.  CALCULATION  OF  BOUNDARY  CONDITIONS 
ON  MATCHING  SURFACE _ 

The  potential  flow  solution  gives  the 
velocity  and  pressure  distribution  around 
a  three-dimensional  body,  together  with  the 
characteristics  related  to  body  geometry, 
i.e.  coordinates  of  the  control  points, 
areas,  components  of  the  unit  normal  vectors 
etc.  In  the  BSRA  program  suite  GEUAK,  this 
information  was  used  both  for  computing  the 
boundary  layer  development  by  Gadd’s  program 
and  for  determining  the  displacement  effect 
by  the  blow-out  program. 

Gadd's  Integral  Method: 

To  compute  the  boundary  layer  develop¬ 
ment  by  an  integral  method,  Gadd  has  solved 
the  streamwise  and  transverse  momentum 
integral  equations  together  with  an  entrain¬ 
ment  condition  at  the  edge  of  the  boundary 
layer,  cf.  (Ref.  8).  The  formulation  of 
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these  equations  has  been  made  by  considering 
a  locally  rectilinear  but  non-orthogonal 
axis  system  that  is,  at  each  control  point, 
x'  is  taken  in  the  direction  of  the 
potential  flow,  y*  normal  to  the  hull 
surface  and  z'  parallel  to  the  transverse 
line  of  the  control  points.  Since  the 
integral  methods  predict  only  the  integrated 
properties  at  points  on  the  body  surface, 
the  boundary  layer  integral  quantities  are 
defined  as: 


f°  U-J  -  u' 


(streamwise 
dy’  ,  displacement 
thickness) 


f°  *i  -  W 


6  u’(u^  -  u* ) 


(streamwise 
dy*  ,  momentum 

thickness) 


W (w!  -  s' ) 


f®  w*(ul  -  u1 ) 


5  u' (w'  -  w’ ) 


where  u'  and  w'  are  the  velocities  in  the 
x'  and  z'  directions,  U  is  the  external 
velocity  and  uj,  wl  are  the  velocities  at 
the  edge  of  the  boundary  layer  (y*  =  6). 

The  number  of  these  unknowns  are  reduced  by 
the  choice  of  velocity  profiles.  In  the 
streamwise  direction  velocity  profiles  are 
assumed  to  belong  to  the  Coles  profiles  cf. 
(Refs.  26,  27),  whereas  in  the  transverse 
direction  Mager’s  form  has  been  chosen 
(Ref.  28).  The  local  skin  friction 
coefficient  in  the  streamwise  direction 
(Cf)  is  determined  as  a  function  of  the 
shape  parameter  H  and  the  momentum  thickness 
Reynolds  number  R.  ,  (R_  1  U.S../V-), 

'11  ’ll 

and  the  Ludwieg-Tillmann  relation  (Ref.  2S) 
has  been  used  for  the  initial  estimate  of 
C,.  Finally,  Gadd  has  proposed  a  new  formu¬ 
lation  for  the  entrainment  coefficient  C,,: 

C£  =  0.011. H  (1  +  tanh  (5H-7)) 

-  ell  ... 

H-l  ’  dx  ’ 

In  order  to  compare  the  results  with  experi¬ 
ments,  the  integral  quantities  have  been 
transformed  into  the  streamwise  and  perpen¬ 


dicular  axis  system,  for  this  transformation 
the  angle  between  the  transverse  and  the 
perpendicular  (normal  to  the  potential  flow 
direction  at  each  control  point)  directions 
is  assumed  to  be  small.  It  has  been  shown 
that,  for  ship  hulls,  the  results  obtained 
from  this  method  agree  well  with  the 
experimental  results  specially  for  the 
regions  where  the  boundary  layer  is  thin 
and  the  body  curvatures  are  not  high.  Near 
the  ship  sterns  however  the  method  generally 
overestimates  the  boundary  layer  development. 
To  avoid  such  unrealistic  results  Gadd 
assumed  that  the  velocity  potential  for  the 
flow  outside  the  boundary  layer  can  be 
approximated  as: 

i  =  U.x  -  cos  kze~k*  t 

and  the  displacement  effect  of  the  boundary 
layer  can  be  modelled  roughly  by  altering 
the  w  components  of  velocity  by 

, *  r*  . 

,  _  u.G  g  , x.  i 

-  -  3  '  3z  '  3x  '  1  ’ 

where  G  is  the  length  of  the  surface  from 
waterline  to  keel.  However,  during  the 
PHIVE  project  a  different  approach  has 
been  adopted  for  the  calculation  of 
displacement  effect. 

Blow-out  Method: 

It  is  known  that  a  boundary  layer 
displaces  inviscid  flow  outward  from  the 
body  creating  effectively  a  semi-infinite 
pseudo-body  (Fig.  12).  When  the  boundary 
layer  is  thin  this  displacement  effect 
is  small  and  its  influence  on  the  boundary 
layer  calculations  is  negligible.  For 
thicker  boundary  layers,  however,  this 
statement  is  not  true  and  the  displacement 
effect  manifests  its  influence  cn  the 
boundary  layer  calculations  in  two  ways. 
Firstly  the  streamwise  end  the  spanwise 
pressure  gradients  differs  from  those  calcu¬ 
lated  from  the  potential  flow  around  the 
naked  hull  due  to  the  differences  between 
the  geometries  of  the  hull  and  the  pseudo¬ 
body.  Secondly,  the  assumption  tnat  pressure 
is  constant  along  the  normal  within  the 
boundary  layer  (i.e.  the  normal  pressure 
gradient  is  equal  to  zero)  is  no  longer 
valid. 

As  is  well  known,  one  of  the  assump¬ 
tions  employed  within  all  the  boundary  layer 
theories  is  that  the  flow  outside  the 
boundary  layer  is  equivalent  to  the  irro- 
tational  flow  of  an  ideal  fluid.  This 
assumption  immediately  suggests  that  if  the 
flow  around  the  pseuao-body  is  solved  as  an 
external  Neumann  problem  then  determination 
of  the  improved  external  boundary  conditions 
for  the  boundary  layer  calculations  becomes 
a  routine  task. 

The  first  person  known  to  apply  this 
idea  is  Sttlper  (Ref.  30)  who  made  an 
attempt  to  calculate  the  lift  of  a  Joukowski 
aerofoil.  He  was  able  to  estimate  the 
distribution  of  the  displacement  thickness 


. . PI! . . . . . . . . . PP*TO® . . . . 


over  the  wing.  He  then  replaced  the  wing 
by  a  new  boundary  displaced  out  from  the 
wing  and  calculated  the  potential  flow 
about  the  new  shape.  Preston  (Refs.  31,32) 
provided  a  more  rigorous  derivation  of  the 
equivalent  flow  for  two-dimensional  flows. 
Moore  (Refs.  33,  34)  generalized  the  idea 
to  three-dimensional  flows  in  general 
orthogonal  coordinates.  Lighthill  (Ref. 

35)  proposed  four  alternative  methods  for 
the  boundary  layer  displacement  effect  for 
both  two  and  three-dimensional  flow 
problems.  The  blow-out  method  (or  equiva¬ 
lent  source  method  in  Lighthill's  termi¬ 
nology)  received  a  wide  acceptance  in  the 
field  of  aeronautics  and  has  been  used 
extensively,  cf.  Giesing  and  Smith  (Ref. 

36) ,  Jacob  (Ref.  37),  Rubbert  and  Saar is 
(Ref.  38).  Recently  Landweber  (Ref.  39) 
critically  reviewed  the  methods  proposed 
by  Preston  and  Lighthill  and  proposed  a 
centreline  singularity  distribution. 

The  method  adopted  by  BSRA  follows 
mainly  the  approach  proposed  by  Lighthill 
(Ref.  35)  and,  due  to  the  coordinate 
transformation,  only  minor  modifications 
have  been  made. 

In  order  to  improve  ones  physical 
appreciation  of  the  blow-out  method,  one 
can  consider  two-dirr.-nsional  flow  problem 
for  a  (s-n)  coordinate  system,  where  s  is 
measured  along  the  body  contour  from  the 
front  stagnation  point  and  n  is  measured 
along  the  nor  ->.1 ;  for  this  the  difference 
between  the  external  stream  velocity  and 
the  velocity  component  within  the  boundary 
layer  (0-u),  represents  the  reduction  in 
flow  velocity  due  to  the  presence  of  the 
boundary  layer.  From  the  continuity 
equation  there  must  be  a  constant  volume 
flow  per  unit  span  between  the  surface  and 
any  streamline  just  outside  the  boundary- 
layer.  There  is  however  a  flow  reduction 
due  to  the  above-mentioned  velocity  defect 
which  is  expressible  as: 


(U  -  u)  dn. 


The  constant  volume  flow  is  obtained  if 
the  flow  reduction  inside  the  layer  is 
compensated  by  an  outward  displacement  of 
the  body  contour  by  an  amount  6,  which  is 
given  as: 


(U  -  u)  dn. 


where  4.  is  the  displacement  thickness  of 
the  boundary  layer. 

DeteiuJination  of  the  strengths  of  the 
equivalent  sources  on  the  body  surface  is 
made  either  by  using  an  equivalent  body 
and  solving  a  new  Netanann  problem  or  by 
using  Gauss'  flux  theorem.  In  the  first 
approach  the  physical  body  is  replaced 
with  a  pseudo-body  by  adding  the  displace¬ 


ment  thickness  to  the  body  and  the  ideal 
flow  is  computed  around  this  new  geometry. 
To  implement  the  second  approach,  let  us 
consider  the  mass  transfer  at  two  sections 
in  the  boundary  layer  (see  Fig.  12).  At 
the  first  section  the  potential  flow  out¬ 
side  the  boundary  layer  will  be  moving 
with  a  velocity  U.  and  the  mass  flux  per 
unit  span  will  be  u,  .  4..  At  the  second 
station  the  flux  can  be  written  as: 

U1  *  6l  +  3s  *U1  ‘  61^  ‘  Ls  ' 

The  difference  between  the  two  stations 
will  be 

*  is  (°i  *  V  }  *  As- 

This  difference  in  flux  can  be  supplied  by 

blowing  from  the  surface  with  a  velocity 

v  ,  such  that: 
w 

v.  -  |j  (».«,) 

This  blow-out  velocity  is  then  used  to 
modify  the  boundary  condition  on  the  body 


surface,  (i.e.  ||  =  vn 


As  the 


influence  coefficient  matrix  for  the  poten¬ 
tial  flow  was  already  calculated  to 
determine  the  initial  flow,  determination 
of  the  total  source  strengths  amounts  to 
the  solution  of  a  system  of  linear  equations 
with  a  new  right  hand  side. 

In  three-dimensional  flows  this  proce¬ 
dure  requires  some  modifications  due  to  the 
existence  of  cross  flow  within  the  boundary 
layer.  Following  the  notation  used  by 
Gadd  (Ref.  8)  one  can  consider  a  locally 
orthogonal  rectilinear  axis  system,  centred 
at  the  control  point  of  a  surface  element, 
with  axes  x  in  the  stream  direction  and  y 
normal  to  the  element  plane  and  z  in  the 
crossflow  direction,  then  the  streamwise 
and  perpendicular  displacement  thicknesses 
can  be  defined  as: 

4 

,  [ 

4,  =  tt  (u,-u)  dy 


i  s  v  (uru)  dy 
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(wx-w)  dy 


where  u,  and  w^  are  velocity  components  at 
the  edge  of  the  boundary  layer  and  0  is  the 
total  external  velocity  (w,  =  0  and  u,  =  U). 

The  equation  of  continuity  takesHhe  form: 

3v  _  ,3u.  1*1 
3y  l3x  3zJ 

Integrating  this  equation  across  the 
boundary  layer: 

v  =  "  +  if)  dy 


<uru)  +  <wrw)1  dy 


3U.  3w, 

<sr  *  >r>  a* 


boundary  values  lor  the  final  stage  of  the 
boundary  layer  calculations.  For  Hoffmann's 
tanker  form,  the  effect  of  blow-out  on  the 
source  strength  distribution  can  be  seen 
in  Fig.  13. 

5.  TURBULENCE  MODEL 


o 

where,  for  h  >  5,  the  upper  limit  of  the 
integrals  can  be  replaced  by  »,  cf. 
Lighthill  (Ref.  35),  and  hence: 

v  =  f*<»-«i>d*  +  j 

0  o 


In  this  equation  the  last  term  alone  comes 
from  the  normal  potential  flow  calculations. 
Therefore  the  first  two  terms  will  give  the 
additional  blow-out  flux  due  to  the  boundary 
layer,  as  if  there  were  an  additional 
source  distribution  on  the  ship  surface. 

The  strength  of  this  imaginary  distribution 
can  be  expressed  as: 

*\r-  h  +  h  <U-V- 

In  the  blow-out  program,  streamwise  and 
perpendicular  displacement  thicknesses  have 
been  taken  from  Gadd’s  calculations  and  for 
the  numerical  solution  of  the  last  equation, 
use  has  been  made  of  an  adopted  numeric 
derivation  routine  based  on  a  least  squu 
scheme. 

As  is  already  mentioned  for  the  two- 
dimensional  case,  solution  of  the  problem 
is  trivial  since  the  influence  coefficient 
matrix  is  available  from  the  initial 
potential  flow  calculation. 

As  the  boundary  layer  extends  beyond 
the  body  to  form  the  wake  the  blow-out 
scheme  is  not  confined  to  the  body  surface, 
it  has  to  be  continued  sufficiently  Jar 
downstream.  Experience  gained  in  potential 
flow  computations  shows  that  this  distance 
should  be  of  the  order  of  five  times  the 
boundary  layer  thickness  at  the  aft-end  of 
the  ship.  However,  in  practice  the  dis¬ 
placement  thickness  of  wake  is  hardly  ever 
computed.  This  poses  a  serious  problem  in 
the  inclusion  of  wake  effect  on  the 
boundary  values  at  the  edge  of  the  boundary 
layer.  Normally  the  displacement  thick¬ 
nesses  are  expected  to  decrease  in  the  near 
wake  as  the  momentum  thickness  remains 
approximately  constant.  When  there  is  no 
information  on  the  wake  flow,  it  may  be 
a  reasonable  approximation  to  use  the 
displacement  thicknesses  at  the  aftmost 
position  of  the  hull  as  the  displacement 
thicknesses  of  the  computation  region  in 
the  wake. 

The  resulting  source  strengths  have 
been  used  to  evaluate  the  velocity  distri¬ 
bution  at  the  edge  of  the  boundary  layer 
(matching  surface)  to  provide  the  improved 


As  is  well-known,  due  to  the  present 
speed  and  storage  capacity  of  computers  one 
is  not  able  to  solve  the  N-S  (Navier-Stokes) 
equations  and  some  form  of  approximation 
has  to  be  made.  A  convenient  method  of 
approximation  is  the  "turbulent  shear  flow" 
approximation  where  the  principal  quantities 
of  the  N-S  equations  are  assumed  to  consist 
of  a  mean  and  a  fluctuating  part  and  the 
governing  equations  are  obtained  by  applying 
time  averaging,  cf.  Townsend  (Ref.  41). 
Further  simplification  results  in  what  is 
known  to  be  "the  bouudary  layer”  or  more 
correctly  "the  thin  shear  layer"  (TSL) 
approximation .  As  the  name  implies  TSL 
approximation  assume  some  form  oi  thinness 
for  the  shear  layer  thickness  (8)  compared 
to  the  principal  radii  of  curvature  (R) 
of  the  streamlines.  However  the  restric¬ 
tion  can  be  relaxed  in  the  "fairly  thin 
shear  layer"  (FTSL)  approximation  where 
36/ 3x.  is  assumed  to  be  small,  x.  being 
the  main  stream  direction,  cf.  Bradshaw 
(Ref.  42). 

The  equations  obtained  with  these 
approximations  are  incomplete  and  the 
difference  between  various  differential 
methods  appears  in  the  choice  of  the 
closure  equations  which  are  introduced 
to  model  the  transport  of  Reynolds  stresses. 
In  our  assessment  we  considered  three 
differential  methods;  the  zero  equation 
model,  cf.  Cebeci  et.al.  (Refs.  43,  44), 
the  one  equation  model,  cf.  Bradshaw 
(Refs.  7  &  45),  and  the  two  equation  model, 
cf.  Rastogi  and  Rodi  (Ref.  46)  and 
Abdelmeguid  et.al.  (Ref.  47).  The  merits 
and  shortcomings  of  these  methods  were 
compared  on  their  physical  and  mathematical 
basis,  and  on  their  evolutions,  i.e.  the 
type  of  data  used  in  the  determination  of 
empirical  constants  or  function.  The 
conclusion  was  that,  accepting  the  fact 
that  none  of  the  methods  was  universal, 
the  Cebeci 's  method  was  easiest  to  modify 
but  such  a  modification  would  require  a 
large  amount  of  ship  boundary  layer  data 
which  was  not  available,  and  Bradshaw’s 
method  was  both  physically  and  mathematically 
more  correct  than  the  others  for  the 
aft-end  flow. 

Within  the  TSL  approximation  the 
governing  equation  and  the  Reynolds  stress 
transport  equations  for  the  selected  turbu¬ 
lence  model  are: 

Momentum  transfer  equations  for  i=l 

and  3 


3U 


3 _ 

3X. 


5ij  f  +  ^ 


(1) 
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Momentum  transfer  equation  for  i=2 


<£ +  <uV> 


o 


(2) 


Continuity  equation 


(3) 


Reynolds  stresses  transfer  equations 
for  i=l,  3 


U.  3t.  3V.  ,  ,  i  t. 

_i  _l  =  ui  _  /M)  _j. 

2ax  3Xj  1  1  3x2  1  p  '  L 
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where  x^,  x„,  x_  are,  respectively,  the 
coordinates^in  streamwise,  normal,  and 
girthwise  directions*,  U.  and  u.  (j=l,2,3) 
are,  respectively,  the  m^an  and^the  fluctu¬ 
ating  velocity  components,  F  and  p  are, 
respectively,  the  mean  and  the  fluctuating 
dynamic  pressures,  t,  (i=l,3)  are  the 
Reynolds  stress,  p  is  the  density  of  fluid, 
|t|  is  the  magnitude  of  the  total  shear 
vector  and  t  is  the  maximum  value  of  - 
outside  the  Viscous  sublayer. 

This  formulation  contains  three  empiri¬ 
cal  quantities;  a.  (g  jtl/q^)  the  stress- 
energy  ratio  where  is  the  turbulent 
kinetic  energy,  L  the  dissipation  length 
scale,  and  G  the  entrainment  function.  As 
a  result  of  a  comparative  study  of 
experimental  data,  Bradshaw  (Ref.  48) 
showed  that  the  motion  within  the  boundary 
layers  consist  of  an  '■active','  universal 
component  scaling  with  (t/p)*  and  x„, 
which  produces  the  sh  .*i  ~tress,  ana  an 
"inactive"  componer „  impose!  by  the  eddies 
and  pressure  fluctuations  in  the  outer  part 
of  .‘he  boundary  layer,  which  does  not 
procuce  shear  stresses  and  can  be  regarded 
as  a  quasi-steady  oscillation  of  the  inner 
layer  flow.  Measurements  indicated  at  that 
time  that  a  suitable  value  of  a.  was  0.15. 
Later  experiments,  however,  indicate  that 
a.  takes  smaller  values  near  the  wall  and 
near  the  outer  edge  of  the  boundary  layer 
and  remains  almost  constant  between  0.2  x2/S 
and  0.8  x2/ 5,  the  value  of  the  constant 
being  between  0.135  and  0.18  depending  cn 
the  flow  configuration.  Computations  at 
BSRA,  however,  indicated  that  the  effect 
of  change  of  a,  on  the  overall  turbulence 
structure  is  only  marginal.  This  is  due 
to  the  fact  that  the  flow  in  the  viscous 
sub-layer  is  governed  by  the  law  of  the 


*  Equations  are  written  in  Cartesian 
tensor  notation  and  conversion  to  any 
system  or  coordinates  can  be  done  by  the 
relationship  x,  =  g..  where  g . .  is 
the  metric  tensor  ana  C1-  (j=l,2,3^  are 
the  new  coordinates.  J 


wall,  and  furthermore  the  contribution 
from  the  outer  edge  of  the  boundary  layer 
to  the  generation  of  shear  stress  is  quite 
small.  The  law  of  the  wall  used  in  BSRA's 
method  is  due  to  van  den  Berg  (Ref.  49) 
and  his  results  are  modified  for  the  extra 
strain  rates  as  proposed  by  Bradshaw  and 
Maroney  (Ref.  50). 

The  dissipation  length  scale  parameter 
L  is  defined  by  Che  relationship 

L  =  (t/p)  ,2/t  where  e  denotes  the  viscous 
dissipation.  This  parameter  is  a  measure 
of  the  scale  of  eddies  which  contains  most 
of  the  kinetic  energy  and  which  are 
responsible  for  the  trails. port  of  momentum. 

At  high  Reynolds  numbers  the  rate  of 
energy  dissipation  is  equal  to  the  rate  at 
which  energy  is  transferred  to  progressively 
smaller  eddies,  and  this  rate  is  determined 
by  the  structure  of  energy  containing 
eddies.  Therefore,  the  dissipation  rate  is 
not  a  function  of  viscosity.  In  the 
original  method  (Ref.  49)  Bradshaw  proposed 
a  universal  distribution  function 
L  =  L  (x2/6)  for  the  variation  of  dissi¬ 
pation  length  scale  across  the  boundary 
layer,  and  in  the  later  version  of  the 
method  (Ref.  45)  a  transport  equation  is 
used  to  determine  L.  Calculations  carried 
out  at  BSRA  indicated  that  this  is  the  most 
important  quantity,  as  far  as  the  velocity 
and  the  shear  profiles  are  concerned,  and 
in  agreement  with  Bradshaw  (Ref.  42),  the 
existence  of  extra  strain  rate,  i.e. 
streamline  curvature,  divergence,  swirl, 
etc.,  can  produce  significant  changes  in 
the  dissipation  length  scale.  Although  it 
has  been  argued  that  the  change  in  L  due 
to  extra  strain  rates  is  caused  by  a 
reduction  in  the  production  of  turbulent 
kinetic  energy  rather  than  with  an  increase 
in  dissipation,  cf.  Ref.  (41)  p.74,  since 
L  expresses  a  ratio  as 

(t/o)  2/e  =  a.  ,z  <q^>  /2/e  ,  this  argument 
does  not  alter  the  final  outcome. 

Finally,  Bradshaw's  empirical  function 
G  which  is  also  known  as  the  entrainment 
function  represents  the  diffusion  of 
turbulence  and  again  is  related  to  energy 
spectra  of  turbulence.  This  function  is 
used  to  model  the  effects  of  pressure 
redistribution  and  transport  of  turbulent 
kinetic  energy  in  the  normal  direction  and 
is  defined  by: 


“'2* 
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This  definition  is  consistent  with  the 
structural  similarity  assumption,  cf. 
Townsend  (Ref.  41)  p.121-129,  and  it  also 
corresponds  to  the  observations  that  the 
energy  transfer  depends  mostly  on  flow  in 
eddies  large  enough  to  span  most  of  the 
boundary  layer,  taking  the  form  either  of 
convection  of  smaller  eddies  or  transfer 
of  energy  from  one  part  of  the  large  eddy 
to  another.  As  a  result  of  the  observed 
effects  of  extra  strain  rates  one  would 
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expect  that  the  ertrainment  function 
too  should  be  modified  since  it  is  known 
that  negative  extra  strain  rates  increase 
entrainment  whereas  positive  extra  strain 
rates  reduce  the  same.  During  the  PH1VE 
project  such  modifications  have  been 
implemented  in  BSRA.  The  changes  due  to 
these  modifications,  however,  were  less 
spectacular  than  the  effect  of  the  changes 
in  the  dissipation  length  parameter. 

Improved  Turbulence  Model 

The  description  of  and  the  improve¬ 
ments  on  the  method  given  so  far  is  valid 
for  TSL  approximation  and  to  make  it 
suitable  for  the  aft-end  flow  calculation 
further  changes  were  necessary.  These 
were  the  incorporation  of  extra  terms  from 
the  FSTL  approximation,  normal  pressure 
gradient,  effects  of  extra  strain  rates, 
and  the  choice  of  a  convenient  coordinate 
system.  The  first  modification  is  fairly 
straightforward  and  mainly  involves  some 
curvature  terms  and  turbulence  production 
terms.  In  their  inclusion  into  the 
governing  equations  the  order  of  magnitudes 
of  each  term  were  also  checked  against  the 
boundary  layer  measurements  made  by  NMI. 

Incorporation  of  normal  pressure 
gradient  was  more  troublesome  because  of 
the  numerical  problems.  Within  the  TSL 
approximation  pressure  is  rendered  constant 
across  the  boundary  layer.  Although  this 
assumption  holds  approximately  for  a 
large  majority  of  the  boundary  layers  of 
practical  interest  it  becomes  unsatis¬ 
factory  when  the  boundary  layer  becomes 
thicker  especially  in  regions  of  high 
curvature.  The  use  of  the  blow-out  scheme 
and  the  pseudo-body  concept  certainly  help 
towards  the  improvement  of  the  solution  but 
only  by  improving  the  boundary  conditions 
at  the  outer  edge  of  the  boundary  layer. 

The  assumption  that,  on  the  normal,  pressure 
is  constant  still  remains.  Accepting  the 
fact  that  the  full  N-S  equations  cannot  be 
solved,  there  were  three  alternatives: 

(1)  Use  of  higher  order  boundary  layer 

approximation. 

(2)  Refinement  of  TSL  approximation  based 

on  experimental  evidence. 

(3)  Empirical  modelling  of  the  normal 

pressure  gradient. 

Hie  first  alternative  is  certainly  the 
scientifically  consistent  approach.  How¬ 
ever,  from  an  examination  of  the  second 
order  governing  equation  it  is  seen  that 
due  to  both  the  additional  terms  and  the 
elliptic  nature  of  the  equations  computa¬ 
tions  become  prohibitively  expensive. 
Furthermore,  the  only  additional  terms  in 
the  normal  momentum  equation  are  curvature 
related  terms  and  the  terms  related  to  the 
normal  velocity  and  the  Reynolds  stress 
gradients  do  not  appear,  which  are  known  to 
be  important  from  the  analyses  of  experi¬ 
mental  data.  To  pursue  this  alternative 
any  further  was  therefore  not  considered 
worthwhile. 


The  second  alternative  is  due  to 
Bradshaw  (Ref.  52).  He  proposes  that  the 
guiding  principle  in  a  pragmatic  approach 
is  to  inspect  the  terms  which  are  present 
in  the  N-S  equations  but  are  neglected  in 
the  boundary  layer  equations  and  devise 
approximations  for  these  that  are  incon¬ 
venient  to  retain  in  exact  form.  Worthwhile 
improvements  in  the  boundary  layer  equations 
can  be  «ade  if  a  degenerate  form  of  the 
normal  component  momentum  equation  is 
included  to  predict  P(x2)  reflecting  the 
missing  upstream  influence.  Inclusion  of 
this  equation  into  the  governing  equations 
still  makes  tne  system  elliptic,  necessi¬ 
tating  an  iterative  calculation  scheme. 
However,  the  computation  load  may  be  reduced 
by  solving  the  normal  component  equation 
separately,  as  done  by  Pratap  and  Spalding 
(Ref.  53)  and  Mahgoub  and  Bradshaw  (Ref.  54). 
Although  this  alternative  looked  very 
promising  considerations  of  the  computation 
cost  has  meant  that  it  has  had  to  be  kept 
for  possible  further  development. 

The  last  alternative  is  the  use  of 
empirical  normal  pressure  profiles  which, 
considering  the  empirical  information  used 
in  both  the  integral  and  differential 
methods,  is  justifiable  provided  they  are 
based  on  experimental  evidence.  Inspection 
of  experimental  data  indicates  that 
pressure  variation  in  the  normal  direction 
is  mostly  regular,  cf.  Patel  and  Lee  (Ref. 
55),  and  a  quadratic  expression  may  be 
sufficient  to  approximate  this  variation. 
Given  both  the  physical  appeal  and  the 
relative  success  in  its  use,  the  centrifugal 
approximation  was  chosen  for  the  BSRA 
approach  and  correlation  with  experimental 
data  was  achieved  by  introducing  a  new 
velocity  scale. 

Although  the  early  theoretical  and 
experimental  work  on  the  effect  of  extra 
strain  rates  go  as  far  back  as  1929,  cf. 
Prantl  (Ref.  56),  Wattendorf  (Ref.  57), 
concerted  efforts  in  this  direction  appeared 
only  after  1960.  It  is  eonsnon  practice 
that  when  the  flow  around  a  curved  object 
is  studied  analytically  a  body  oriented 
curvilinear  coordinate  system  is  employed. 
Adoption  of  such  a  coordinate  system 
produces  sane  extra  terms  in  the  boundary 
layer  equations  which  are  related  to  the 
curvature  of  the  coordinate  lines.  If  one 
carries  out  an  order  of  magnitude  analysis 
in  laminar  and  turbulent  boundary  layers 
by  using  6/R,  R  being  the  radius  of  stream¬ 
line  curvature,  the  extra  terms  that  appear 
are  of  order  «/R  times  the  largest  existing 
terms,  cf.  Nash  and  Patel  (Ref.  58). 

Although  this  result  seems  to  be  confirmed 
by  experiment  for  laminar  boundary  layers, 
experiments  on  turbulent  boundary  layers 
indicate  that  the  change  in  the  Reynolds 
stresses  due  to  the  extra  strain  rates  is 
roughly  ten  times  the  prediction  obtained 
from  a  straightforward  order  of  magnitude 
analysis.  In  the  light  of  this  experi¬ 
mental  evidence  it  is  imperative  that 
special  emphasis  should  be  placed  on  the 
inclusion  of  the  effects  of  the  extra 
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strain  rates  in  tbe  calculation  of  tbe 
boundary  layer  development  around  the  att¬ 
end  of  ships. 

In  1969  Bradshaw  (Ref.  59)  proposed 
an  engineering  calculation  method  by  using 
an  analogy  between  juoyancy  and  curvature 
effects.  Although  the  present  state  of 
knowledge  on  the  subject  is  far  from 
complete,  experiments  carried  out  by 
Meroney  and  Bradshaw  (Ref.  51),  Patel  and 
Lee  (Ref.  56),  So  and  Mellor  (Ref.  60), 
Castro  and  Bradshaw  (Ref.  61),  Cebeci  (Ref. 
62)  and  Bunt  and  Joubert  (Ref.  63)  indicate 
that  Bradshaw’s  method  produces  reasonably 
accurate  results.  In  fact  recent  experi¬ 
ments  by  Smits,  Young  and  Bradshaw  (Ref. 

64) ,  and  Smits,  Eaton  and  Bradshaw  (Ref. 

65)  demonstrated  that  the  method  also  works 
for  curvature  impulses  and  for  three 
dimensional  curvatures.  An  excellent 
review  on  the  subject  is  available  by 
Bradshaw  (Ref.  52). 

The  essence  of  the  method  is  to 
modify  the  dissipation  length  scale  by 

=  1  +  (a  e) 
eff  eft 

where  L  ,,  is  the  effective  dissipation 
length  scale,  e  is  the  extra  strain  rates 
obtained  by  using  stress  Richardson  number, 
a  is  the  empirical  magnification  constant, 
and  is  given  by 

X1  5^7  (ae)eff  =  V  -  (ae,eff 

where  *  10S  and  this  relationship 
allows  ror  the  effect  of  memory  to  be 
taken  into  account.  The  effect  of  extra 
strain  rates  for  moderate  curvatures  on 
streamwise  velocity  component  and  Reynolds 
stress  is  illustrated  in  Fig.  14. 

6.  COORDINATE  SYSTEM  AND  NUMERICAL 

SOLUTION _ 

At  the  beginning  of  this  research  we 
were  made  aware  of  the  difficulties  on  the 
choice  of  the  appropriate  coordinate  system 
by  tbe  conclusions  of  the  previous  investi¬ 
gators,  cf.  Mangier  and  Hurray  (Ref.  66). 
Therefore,  a  considerable  amount  of  effort 
was  spent  for  the  design  of  a  method  for 
the  automatic  generation  of  a  suitable 
coordinate  system  and  a  program  suite, 
called  "A?ACAN”,  was  developed  to  achieve 
this  end  where  the  mapping  method  of  Dick 
and  Yon  Kerczek  (Ref.  67)  was  used  to 
determine  approximate  streamlines. 

As  one  gained  more  experience  in 
turbulent  flow  computations  it  was  realised 
that  provided;  (1)  one  of  the  coordinates 
is  nearly  aligned  with  the  normal  (see 
Yesseling  (Ref.  68)  for  the  need  to  have 
this  condition),  and  (3)  the  marching 
direction,  i.e.  x.-axis.  does  not  make  an 
angle  more  than  thirty  degrees  with  the 
flow-direction,  any  coordinate  system  is 
equally  acceptable.  Furthermore ,  if  the 
concept  of  matching  surface  is  adopted 


restrictions  on  the  coordinate  system 
could  further  be  relaxed.  This  last  point 
was  also  important  in  relation  to  the 
numerical  computation. 

In  the  numerical  computation  side, 
the  problem  was  not  only  the  choice  of  an 
integration  method,  but  also  the  choice  of 
the  integration  region.  After  a  review 
study  the  conclusion  was  reached  that 
implicit  methods,  in  spite  of  their 
unconditional  stability,  were  not  suitable 
for  BSRA’s  purpose  due  to  the  demand  for 
inversion  of  fairly  large  matrices  to 
determine  the  flow  quantities  which  was  too 
costly  in  BSRA’s  ICL  19043  computer. 

Amongst  the  available  explicit  methods  we 
tested  an  extended  version  of  Lister's 
method  of  characteristics  'Ref.  69)  and 
Lindhout's  version  of  Cc»  t-Isaacson-Rees 
scheme  (Ref.  70).  After  some  testing  we 
decided  on  the  former  method  due  to  its 
flexibility.  Stability  of  numerical  inte¬ 
gration  was  ensured  by  using  a  modified 
Courant-Friedrick’s-Lewy  stability  criteria, 
cf.  Raetz  (Ref.  71). 

The  complete  program  suite  GEMAK  has 
been  designed  to  consist  of  component 
programs  which  are  interlinked  as  shown  in 
Fig.  1.  Discretised  hull  geometry  and  ship 
forward  speed  are  used  to  run  the  potential 
flow  program  which  also  drives  Gadd’s 
integral  boundary  layer  method  program.  As 
the  computation  of  the  free  surface  contri¬ 
bution  (Neumann-Kelvin  problem)  is  quite 
time  consuming  and  costly,  the  double-body 
(Neumann  problem)  computer  program  is  being 
used  at  present.  The  output  of  this  stage 
contains  integral  boundary  layer  parameters 
as  well  as  velocity  profiles.  Displacement 
thicknesses  obtained  in  this  way  are  used 
to  re-evaluate  velocity  and  pressure  distri¬ 
bution  at  the  edge  of  the  matching  surface 
which  is  determined  by  a  special  smoothing 
of  the  edge  surface  of  calculated  boundary- 
layer .  This  task  is  achieved  by  the 
explained  blow-out  scheme.  The  output  of 
this  stage  together  with  the  discretised- 
bull  geometry  provides  tbe  necessary- 
information  for  the  running  of  Bradshaw’s 
turbulent  energy  method  program.  Tbe 
output  of  this  program  produces  the  velocity 
and  shear  profiles,  and  the  internal  para¬ 
meters  along  the  boundary  layer  and  near 
wake  for  a  given  ship  form  and  speed. 

Since  tbe  computational  domain  for  the 
turbulent  flow  calculations  is  now  decided 
beforehand  by  the  choice  of  the  matching 
surface  numerical  integration  of  tbe 
governing  equations  has  to  be  made  in  a 
somewhat  different  fashion  especially  since 
it  was  desirable  to  avoid  a  complete  iter¬ 
ative  scheme  as  used  by  Abdelseguid  et.al. 
(Ref.  72)  and  Habgoub  and  Bradshaw  (Ref. 

54).  The  use  of  smoothed  boundary  layer 
edge  surface  in  place  of  a  semi-arbitrary 
matching  surface  helps  towards  tbe 
achievement  of  this  purpose  but  in  itself 
it  is  not  sufficient.  Therefore,  a 
procedure  called  ’•stitching”  has  been 
developed  by  the  authors.  In  this  proce¬ 
dure  calculation  starts  from  tbe  matching 


surface  towards  the  wall,  after  wall 
boundary  condition  is  satisfied  the 
computation  is  carried  out  from  wall  to  the 
matching  surface.  If  the  velocities  agree 
then  the  computation  goes  to  the  next  step 
otherwise  the  velocities  and  Reynolds 
stress  are  updated  by  using  an  under¬ 
relaxation  scheme  and  the  boundary 
conditions  at  the  matching  surface  is 
updated  and  the  computation  restarts  from 
the  matching  surface  as  before  and  the 
procedure  is  repeated  until  convergence  is 
achieved. 

7.  NOMINAL  AND  EFFECTIVE  JAKE 
_ CALCULATION _ 

7.1  Nominal  Wake 

Most  of  the  present  boundary  layer 
calculation  me* nods  attempts  to  solve  for 
the  near  wake  either  by  using  a  fictitious 
flat  plate  at  the  centre  plane  or  termi¬ 
nating  the  boundary  layer  calculation  from 
this  poin  awards.  In  the  first  type  of 
calculatx.  velocities  near  the  centre 
plane  are  underest imated  as  a  result  of 
the  wall  boundary  conditions  and  exclusion 
of  mixing.  In  the  latter  case,  the 
assumption  of  the  mixing  layer  does  not 
strictly  hold  because  in  the  near  wake  some 
of  the  boundary  layer  flow  behaviour  is 
still  observed  as  a  result  of  the  memory 
effect  of  the  flow.  To  find  a  sat isfaetory 
solution  to  the  problem  two  alternatives 
were  investigated: 

(1)  the  use  of  Eradshaw's  interaction 

hypothesis  (Ref.  73).  and 

(2)  derivation  of  new  boundary  conditions 

for  the  wake  centre  plane. 

Efforts  were  spent  in  both  directions,  but 
because  of  its  success  in  airfoil  and 
axisyaeetric  flow  applications  cf.  Morel 
and  Torda  (Sef.  74),  Huffman  and  %  (Ref. 
73),  Andreapoulos  (Ref.  76),  the  former 
approach  has  been  adopted. 

According  to  the  interaction  hypo¬ 
thesis.  the  near-wake  consists  of  three 
regions  (see  Fig.  15);  the  inner  wake 
region  is  the  place  where  the  mixing  takes 
place.  The  second  region  is  the  extension 
of  the  wall  layer  of  the  boundary  layer 
which  now  matches  to  the  edge  conditions 
of  the  inner  wake  layer,  and  the  last 
region  is  the  continuation  of  the  wake 
region  of  the  boundary  and  it  is  the  least 
influenced  part  by  moving  from  the  boundary 
layer  to  wake.  Since  most  of  the  structure 
of  the  near  wake  is  similar  to  the 
boundary  layer  with  the  exception  of  the 
inner  wake  layer,  interaction  hypothesis 
suggest  that  it  can  be  treated  like  an 
overlapping  boundary  layer,  and  overlapping 
takes  place  in  the  inner  wake  region. 

So  far  as  numerical  computation  is 
concerned  the  change  to  be  made  to  the 
boundary  layer  calculation  scheme  is  mini¬ 
mal  and  the  change  from  boundary  layer  to 
near  wake  is  identified  by  using  a  logical 
control  statement. 


Propeller-Hull  Interaction  and 

Effective  Wake  Calculation 

From  the  practical  point  of  view  the 
determination  of  effective  wake  distribution 
was  of  a  paramount  importance  both  for  the 
propeller  design  calculations  and  for 
providing  the  necessary  input  in  the  compu- 
yation  of  the  cavitation  induced  hull 
surface  forces.  Our  preliminary  studies 
revealed  that  most  of  the  relevant  analy¬ 
tical  work  was  based  on  the  studies  of 
Dickmann  (Refs.  77-78)  and  the  recent 
research  efforts  were  mainly  aimed  at 
deriving  an  empirical  or  a  semi -empirical 
correction  method  for  t  e  derivation  of 
effective  wake  fro®  the  measured  nominal 
7»odcl  wake  by  using  available  data,  cf. 
Sasajima  and  Tanaka  (Ref.  79),  Hoekstra 
(Ref.  80).  The  work  carried  out  at 
OTXSRDC  by  Huang  and  his  co-workers  (Sef. 

81)  on  axisymaetrie  bodies  was  not  in 
line  with  the  writers’  method  of  approach, 
because  he  used  a.,.  inviseid  flow  model 
(vorticitv  include'!),  hence  assumed  that 
the  flow  at  the  aft-end  of  ships  is  a 
distortion  layer  rather  than  a  complex 
turbulent  shear  layer.  Since  there  was  so 
clear  indication  on  the  method  to  be 
adopted,  the  writers  after  a  careful 
examination  of  available  data,  decided  to 
employ  an  improved  version  of  Dickmann ’s 
conception  without  resorting  to  the 
separation  of  the  flow  into  potential, 
viscous,  and  wave  making  components. 

Since  the  BSRA  approach  consists  of 
two  steps  the  effect  of  the  propeller 
operation  on  the  flow  development  has  bees 
taken  into  account  In  each  step.  In  the 
first  step  the  effect  of  propeller  is 
assumed  to  be  potest ial  in  origin  and  hence 
the  source  strengths  is  the  potential  flow 
programs  are  modified  to  account  for  the 
propeller  induced  normal  velocities.  This 
modified  potential  flow  is  then  used  to 
drive  the  integral  caicula'ion  method  for 
the  estimation  of  boundary  layer  and  dis¬ 
placement  thicknesses.  Due  to  the  change 
in  toe  externa!  potential  field  the  newly 
calculated  boundary  layer  differs  from  the 
nominal  flew  boundary  layer,  and  conse¬ 
quently  the  region  of  integration  for  the 
detailed  boundary  layer  calculation  also 
changes.  The  next  step  Is  the  modifi¬ 
cation  of  the  boundary  conditions  oo  the 
matching  surface.  This  modification  takes 
place  because  (I)  the  new  matching  surface 
location  and  the  new  source  strengths 
are  different  from  the  seminal  flow  case, 
and  (2)  on  the  matching  surface  propeller 
induced  velocities  are  linearly  added  to 
the  velocities  induced  by  the  pseudo-body 
(hull  plus  displacement  thickness). 

Following  the  re-deterainatioa  of  the 
computational  region  and  the  boundary 
conditions,  the  turbulent  flow  and  near 
wake  calculations  remains  the  see  as  in 
the  nominal  flow  calculation  since  the  form 
©f  the  governing  equations  for  the  field 
does  not  change  with  the  presence  of  the 


propeller-hull  interaction,  A  flow  chart 
illustrating  the  sequence  of  operations  in 
the  computation  of  effective  wake  is 
illustrated  in  Fig.  16, 

8.  RESULTS  AND  DISCUSSION 

During  the  development  of  the  hull 
flow  studies  three  different  types  of 
application  have  been  considered.  They 
are:  (1)  application  for  program  control 
purposes.  (2)  application  for  validation 
?gainst  the  experimental  data,  and  (3) 
application  with  the  systematic  changes  in 
the  design  variables  to  provide  guidance 
for  the  design  and  modification  of  aft-end 
forms  of  ships.  In  the  following  part  of 
this  section  results  of  these  applications 
are  given. 

Application  for  Program  Control 

Since  the  computers  obey  only  the 
commands  issued  in  the  program  as  specified 
by  the  programmer  various  routines  employed 
in  the  program  suite  GEMAK  for  the  purposes 
of  numerical  ingration,  differentiation, 
smoothing,  interpolation  etc.,  have  to  be 
checked  against  numerical  instability, 
artificial  viscosity  arising  from  numerical 
differentiation,  and  the  usual  execution 
errors  such  as  overflow,  negative  argument 
in  logarithm  etc.  Grave  consequences  of 
neglecting  this  vital  check  in  numerical 
fluid  dynamics  is  best  illustrated  by 
Roache  (Ref.  82)  and  Holt  (Ref.  83). 

Application  for  Program  Validation 

The  aim  of  thi.  stage  was  to  establish 
the  credibility  of  c.  h  individual  program 
separately  and  the  program  suite  GEMAK 
as  a  whole.  Apart  from  the  intermediate 
data  handling  program  there  were  three  main 
programs  involved  in  the  suite  and  at  the 
irst  instance  each  program  has  been  tested 
separately.  Since  the  comparison  of  the 
potential  flow  calculation  program  with 
experimental  data  and  with  the  published 
results  of  other  investigators  have 
already  been  discussed  before  they  will  not 
be  repeated  here.  These  tests,  however, 
indicated  that  the  potential  flow  compu' 
tion  schemes  were  quite  satisfactory  ar 
the  hull  discretisation  scheme  devised 
within  the  project  was  efficient. 

Another  important  result  of  these  numerical 
tests  was  that  so  far  as  the  aft-end  flow 
calculations  are  concerned,  depending  on 
the  hull  shape,  between  25  and  40  percent 
of  the  forward  part  of  the  ship  can  be 
excluded  from  the  potential  flow  computa¬ 
tion  without  incurring  any  significant 
error  in  the  calculated  velocity  field. 

The  integral  boundary  layer  calcu¬ 
lation  method  program  was  already  tested 
for  a  number  of  hull  forms  by  Gadd  (Ref.  8) 
and  his  results  indicated  that  it  was  at 
least  as  good  as  any  other  available 
integral  method.  The  BSRA  testing  on  this 
program  was  essentially  confined  to  assess 


the  sensitivity  of  the  method  to  the 
variation  of  initial  conditions  and  of  the 
built-in  empirical  correction  factors. 

These  tests  indicated  that  the  sensitivity 
to  the  variation  of  the  initial  conditions 
was  very  high,  indicating  that  the  integral 
parameters  employed  to  start  the  compu¬ 
tations  must  be  chosen  very  carefully. 
Variation  of  the  pressure  rise  reduction 
factor  (an  empirical  factor  to  avoid  the 
formation  of  a  stagnation  point  at  the  aft- 
end)  and  the  blow-out  scheme  showed  that 
this  parameter  had  a  controlling  influence 
on  the  development  of  f’ iw  around  the  stern 
and  in  order  to  obtain  .  reasonable  agree¬ 
ment  with  the  experimental  data  it  was 
necessary  to  change  this  parameter  for 
differing  hull  forms.  The  method,  generally, 
gave  good  agreement  with  experimental  data 
for  the  forward  80  to  85  percent  of  ships 
and  for  extreme  V-shape  hull  forms  this 
distance  reached  up  to  90  percent  of  the 
ship  length.  For  the  last  10  to  20  percent 
of  the  ship,  the  method  generally  over¬ 
estimated  the  boundary  layer  development. 
This,  however,  was  a  useful  feature  so  far 
as  the  BSRA  computation  scheme  is  concerned 
since  it  was  assumed  that  the  matching 
surface  obtained  from  the  application  of 
Gadd's  method  (Ref.  8)  would  enclose  the 
real  boundary  layer. 

As  explained  within  the  text  the 
blow-out  scheme  was  achieved  by  a  modified 
use  of  the  boundary  layer  program  and  the 
only  tests  to  be  carried  out  on  this  part 
was  the  comparison  of  panel  source  strengths 
..■ith  and  without  the  blow-out  scheme  to 
make  sure  that  when  the  boundary  layer  is 
quite  thin  the  values  obtained  are  close. 

Verification  of  the  program  BRADSHAW 
was  the  most  time  consuming  and  important 
part  of  the  total  program  verification 
process  since  the  outcome  of  this  stage 
would  decide  the  success  or  otherwise  of 
the  program  su.te  GEMAK.  During  the 
program  development  stage  the  initial 
version  of  the  program  was  tested  against 
the  published  experimental  data  on  wings 
giving  quite  satisfactory  results.  The 
next  verification  stage  was  to  compare  the 
fully  developed  program  results  with  the 
wind  tunnel  data  for  scaled  ship  models. 

The  published  data  on  a  full  form  (C„  =  .85) 
tanker  model  has  been  chosen  for  this 
purpose.  The  data  on  the  Hoffmann  tanker 
form  (Ref.  2)  was  limtied  to  mean  velocities 
and  static  pressures  on  a  number  of  points 
on  five  stations  along  the  ship's  length 
and  only  the  last  station  (x/Lmr  =  0.916, 
x/Lgp  =  0.942)  was  of  interest  for  the 
BSRfl  computation  scheme.  Hull  geometry 
around  this  station  and  the  measurement 
points  used  for  comparison  are  presented 
in  Fig.  17  and  a  comparison  of  measured  and 
calculated  streamwise  and  crosswise  velocity 
profiles  for  the  measurement  points  184  and 
185  are  presented  in  Fig.  18.  As  can  be 
seen  from  these  figures  the  agreement  for 
the  streamwise  velocity  component  is  very 
good  and  for  the  crossflow  components  is 
fair. 
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It  should  be  mentioned  that  for  the 
point  185  an  integral  method  would  provide 
the  same  level  of  agreement  since  it  is  a 
smooth  flow  location.  As  the  flow  becomes 
more  complicated  with  severe  velocity 
gradient  near  the  hull  the  advantages  of 
using  a  differential  method  such  as  the  one 
used  by  BSRA  becomes  apparent.  Since  the 
most  severe  measured  flow  condition  for  the 
Hoffmann  tanker  form  occurs  at  the  measure¬ 
ment  point  183  this  point  was  chosen  to 
test  the  BSRA  method  against  both  the 
experimental  data  and  Gadd's  integral  method 
(Ref.  8)  r.nd  the  result  is  shown  in  Pig. 

19.  Here  the  strong  flow  retardation  near 
the  hull  surface  is  quite  well  predicted 
by  the  BSRA  method  whereas  the  integral 
method,  due  to  the  limitation  in  its 
assumption,  predicts  still  a  fairly  smooth 
flow  condition.  Although  the  amount  of 
flow  retardation  around  y/6  =  0.25  seems 
to  be  over-estimated  by  the  BSRA  method 
there  is  also  a  considerable  amount  of 
scatter  in  the  data  in  the  same  location 
when  different  measuring  arrangements  were 
employed. 

The  intention  for  the  comparison  of 
measured  and  calculated  wake  was  not 
realised  because  of  a  flow  peculiarity 
first  indicated  by  the  program  BRADSHAW. 
During  the  test  runs  the  program  indicated 
negative  wall  shear  stresses  in  some  of  the 
calculation  lines  which  in  the  usual  turbu¬ 
lence  understanding  indicates  separation 
and  consequent  flow  reversal.  However, 
shear  stresses  away  from  the  wall  were  all 
positive.  To  ensure  the  continuation  of 
the  flow  computation  as  far  downstream  as 
possible  an  artificial  scheme  called 
"bubble  capturing"  has  been  developed  with 
which  hull  boundary  is  artificially  dis¬ 
placed  to  the  first  point  on  the  normal 
with  a  posititve  shear  stress,  resulting  in 
some  form  of  boundary  layer  shrinking. 

With  the  application  of  this  technique  the 
following  computational  steps  indicated 
that  the  wall  shear  stress  became  positive 
again  further  downstream  but  within  the 
boundary  layer  there  was  a  r^ion  starting 
on  the  hull  surface  and  movj.-g  away  from 
the  hull  in  further  downstream  direction, 
effectively  forming  a  pocket.  The  unusual 
side  of  this  phenomenon  was  that  the  mean 
flow  did  not  change  its  direction  but 
attained  values  as  small  as  9  percent  of 
the  forward  speed  within  a  distance  of  10 
to  20  percent  of  the  boundary  layer  thick¬ 
ness.  Eventually,  when  the  negative  shear 
away  from  the  wall  was  large  enough  to 
invalidate  the  hyperbolic  flow  calculation 
assumption,  computations  on  that  calcula¬ 
tion  line  had  to  be  stopped. 

A  check  on  the  experimental  data  from 
NMS  indicated  that  our  results  were  quite 
in  agreement  with  the  data  and  the  start 
of  negative  shear  predictions  was  accurate 
within  2  percent  of  the  ship  length. 
Evolution  of  this  phenomenon  (which  we 
called  "shear  separation")  is  schematically 
illustrated  in  Fig,  20. 


This  result  is  particularly  important 
for  it  is  probably  one  of  the  crucial 
reasons  in  the  formation  of  severe  wake 
gradients.  Obviously  it  is  quite  possible 
that  for  the  full  scale  Reynolds  number 
such  a  phenomenon  may  disappear.  If,  how¬ 
ever,  computations  indicate  the  presence 
of  shear  separation  it  is  advisable  to 
alter  the  hull  form. 

Application  for  Design  Guidance 

At  the  beginning  of  the  project  it  was 
believed  that  such  guidance  would  be 
obtained  by  a  systematic  calculation  scheme 
with  varying  hull  forms.  However,  as  the 
understanding  in  BSRA  on  the  turbulent  flow 
development  increased  a  great  deal  of  useful 
information  relevant  to  the  aft-end  design 
have  been  gathered  either  by  the  study  of 
the  existing  data  and  the  critical  examina¬ 
tion  of  the  governing  equations  employed  in 
the  calculation  method,  or  by  making  small 
changes  in  the  flow  parameters  for  the 
same  hull  form. 

The  main  contribution  of  the  developed 
analytical  aft  end  flow  calculation  scheme 
is  to  identify  the  trouble  region  and  to 
provide  insight  on  the  consequences  of 
possible  hull  form  alterations.  Ia  this 
respect,  it  may  be  useful  to  re-identify 
the  differences  between  the  differential 
method  used  by  BSRA  and  the  integral  methods. 
By  the  use  of  the  differential  methods 
detailed  information  on  almost  all  the 
important  flow  quantities  are  calculated 
by  taking  into  account  local  variation  of 
the  hull  form  with  its  consequences  on  the 
flow  including  those  arising  due  to  the 
extra  strain  rates  as  well  as  the  continuity 
of  the  fluid  flow.  Therefore,  if  a  hull 
form  appears  to  be  likely  to  have  severe 
velocity  gradients  with  low  velocities  at 
the  top  of  the  propeller  disc  either  from 
the  result  of  the  model  tests  or  from  the 
hull  flow  and  wake  calculations  the  method 
explained  here  can  be  used  both  to  trace  the 
origin  of  the  undersirable  flow,  i.e.  where 
it  starts,  and  to  indicate  the  necessary 
changes  in  the  aft-end  geometry.  To  have 
a  better  appreciation  on  the  effect  of  form 
changes  on  the  flow  development  around  the 
aft-end  of  ships  it  will  be  useful  to 
indicate  the  effects  of  external  boundary 
conditions  and  extra  strain  rates,  i.e. 
curvatures,  on  the  turbulent  flow  structure. 

(1)  Change  in  the  velocity  without 
aay  change  in  the  pressure  gradient .  If 
the  velocities  at  the  edge  of  the  boundary 
layer  are  uniformly  increased  or  decreased 
the  change  in  the  total  flow  structure 
is  only  marginal,  since  this  will  mainly 
change  the  velocities  at  the  outer  edge  of 
the  boundary  layer.  As  a  rough  indication 
the  change  in  the  streamwise  velocity 
components  due  to  a  small  change  in  the 
external  velocity  changeskyelocities  in 
the  normal  direction  as  e*1  ’  “  y'  ' 
where  k  «  -11.5. 


(2)  Change  in  the  pressure  gradient. 

A  change  in  the  streamwise  pressure 

gradient  produces  two  main  effects  on  the 
turbulent  flow.  They  are:  (1)  a  change  on 
the  wall  shear  stress  and  the  velocity 
profiles  in  the  wall  region  (y/6  =  0.0-0.20) 
and  (2)  a  change  in  the  maximum  shear  stress. 
The  effect  of  the  first  change  is  quite 
apparent  since  the  all  important  very  low 
velocity  values  and  steep  velocity  gradients 
are  formed  in  this  region.  The  second 
change  on  the  other  hand  determines  the 
amount  of  energy  loss  and  hence  the  change 
in  ship  resistance,  because  a  change  in 
the  streamwise  pressure  gradient  determines 
the  magnitude  of  the  maximum  shear  stress 
value  in  the  outer  layer  of  the  boundary 
layer  (y/6  =  0.25-1.00)  which  in  turn 
determines  the  diffusion  of  turbulence  and 
the  length  scale  of  turbulent  eddies,  and 
hence  the  amount  of  energy  lost  in  this 
region.  It  is  for  this  reason  that  some¬ 
times  optimal  hull  forms  from  the  naked 
hull  resistance  point  of  view  (such  as 
V-forms)  are  not  so  desirable  when  a  more 
uniform  wake  distribution  is  required. 

This  effect  however  is  generally  coupled 
with  the  curvature  effects, 

(3)  Change  in  streamline  curvatures. 

As  mentioned  in  section  5  and  Appendix  5, 
extra  strain  rates  resulting  mainly  from 
the  streamline  curvatures  play  a  significant 
role  on  the  structure  of  the  turbulent 
flow.  Since  as  a  rough  approximation  flow 
streamlines  on  the  hull  can  be  represented 
by  equal  curvature  lines,  the  amount  of 
extra  strain  rate  can  be  directly  related 

to  the  variation  of  the  hull  form  geometry. 

It  is  known  that  positive  curvature  (i.e. 
convex)  produces  positive  extra  strain 
rate  and  negative  curvature  (i.e.  concave) 
produces  negative  extra  strain  rate  and 
as  a  rough  guide  the  extra  strain  rates 
changes  the  velocities  near  the  hull 
surface  as 

U*  =  U/[l  +  (n/(n+l)le] 

where  U  and  U*  are,  respectively,  the 
streamwise  velocity  components  without  and 
with  the  streamline  curvature  effects,  e 
is  the  effective  extra  strain  rate  and  n 
is  the  power  law  exponent  for  the  velocity 
profile  near  the  hull  surface,  and  it 
takes  values  between  5  and  7  for  concave 
surfaces  and  between  2  and  5  for  convex 
surfaces. 

In  the  outer  part  of  the  boundary 
layer  their  main  effect  is  seen  on  the  eddy 
length  scale  and  positive  curvatures  tends 
to  reduce  the  boundary  layer  thickness  and 
hence  reduce  the  loss  of  energy  giving  rise 
to  steeper  velocity  gradients  near  the  hull 
whereas  negative  curvatures  increase  the 
loss  of  energy  and  hence  the  resistance. 
Figure  34  is  given  as  a  rough  guide  to 
compare  the  velocity  defect  profiles  for 
convex  and  concave  hull  surfaces. 


The  method  reported  here  can  be  used 
both  to  identify  the  trouble  area  and  the 
amount  of  pressure  gradient  and  extra 
strain  rates  to  be  compensated.  Figure  21 
schematically  illustrates  the  determination 
of  the  region  of  flow  improvement  which 
can  be  determined  by  the  program  suite 
GEMAK.  The  information  on  the  incoming 
and  outgoing  characteristics  and  on  the 
local  pressure  gradients  and  extra  strain 
rates  are  contained  in  the  output  of  the 
BSRA  method. 

9.  CONCLUDING  REMARKS 

This  paper  summarises  the  work 
conducted  at  BSRA  on  the  development  of  an 
analytical  calculation  method  for  the 
determination  of  flow  around  the  aft-ends 
of  ships  within  the  context  of  the  PHIVE 
Project.  As  explained  within  text  the 
method  consists  of  a  number  of  steps  as 
shown  in  Fig.  1,  and  in  every  step  the  best 
available  techniques  are  used  to  produce 
a  reliable  and  cost-effective  computer 
program  suite.  Based  on  the  experience 
gained  so  far  the  following  tentative 
conclusion  may  be  drawn: 

(1)  To  the  knowledge  of  the  authors  this 
is  the  first  hyorid  method  developed 
for  the  hull  flow  calculation;  in 
this  method  the  flow  up  to  80-85  per¬ 
cent  of  the  hull  is  calculated  with  the 
Gadd's  integral  method  (Ref.  8)  and 

a  version  of  Bradshaws  turbulent 
energy  method  (Refs.  7  and  25)  is 
employed  to  determine  the  flow  around 
last  15  to  20  percent  of  the  ship. 

The  method  takes  the  displacement 
effect  of  boundary  layer  and  the  effects 
of  normal  pressure  gradient  and  of  extra 
strain  rates  arising  from  the  streamline 
curvature  into  account.  The  "stitching" 
process  to  satisfy  both  the  hull 
surface  boundary  condition  and  the 
matching  surface  (obtained  from  a 
preliminary  iteration  with  Gadd's 
method  (Ref.  8))  boundary  condition  and 
the  "bubble  capturing"  technique  to 
calculate  the  flow  after  the  shear 
separation  are  some  of  the  procedures 
developed  by  BSRA  which  has  extended 
the  current  capability  and  understand¬ 
ing  on  the  turbulent  flow  computation. 

(2)  Comparison  of  results  with  the  experi¬ 
mental  data  for  the  Hoffmann  tanker 
form  (Ref.  2)  showed  very  encouraging 
agreement  even  for  the  severest  flow 
conditions  as  demonstrated  in  Fig.  19. 

(3)  A  mechanism  giving  rise  to  severe  flow 
retardation  and  high  velocity  gradient 
has  been  identified  as  shear  separation 
in  which  the  shear  stress  reverses 
without  a  mean  flow  reversal.  Although 
this  was  firs j  discovered  during  the 
development  of  the  program  suite  GEMAK, 
the  wind  tunnel  data  of  NMI  has  con¬ 
firmed  this  finding. 


(4)  As  a  result  of  the  studies  conducted 
to  provide  guidelines  for  the  aft-end 
design,  information  on  the  role  of 
various  parameters  in  the  development 
of  aft-end  flow  has  been  gathered  and 
presented,  together  with  the  role  the 
BSRA  method  can  play  in  the  identi¬ 
fication  of  the  trouble  area. 

(5)  From  the  results  obtained  it  appears 
that  a  fully  computerised  scheme  to 
modify  the  aft-end  of  a  parent  form 
to  produce  a  more  desirable  wake  may 
be  designed  by  an  extended  use  of  the 
program  suite  GEMAK. 

(6)  The  methology  employed  in  the  develop¬ 
ment  of  the  program  BRADSHAW  can 
further  be  utilised  to  devise  a  more 
rational  scheme  to  account  for  the 
scale  effects  during  the  scaling  of 
the  model  wake  for  cavitation  testing. 
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Pc! ential  Flow  Calculation: 
Neiiaann-Kelvin  problem  or 
Neumann  problea 


Fig.  1  Flow  Chart  of  the  BSHA  Computer 

Program  Suite  for  the  Calculation  of 
Boundary  Layer  Development  on  Ships 


Fig.  4  Comparison  of  Different  Methods 


Fig.  6  Effect  of  Forebody 


Fig.  7  Comparisons  of  Streamlines  for 
Hoffmann's  Tanker  Form 

-  BSRA  Results  for  74  Elements 

Hoffmann  Results  for  414  Elements 


9  Comparison  of  Different  Results 
(with  Free  Surface) 


I 

-001 

•eot 


Fig.  13  Effect  of  Blow-Out 
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Fig.  14  Effect  of  Extra  Strain  Rates  on  Flow  Properties 


profile  expressed  in  terms 
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Fig.  18  Comparison  of  Measured  and  Calculated  Velocity  Profiles 
for  Hoffmann  Tanker  Form  X/r  =  ,916 


INCOMING 


Fig.  21  Determination  of  Region  of  Improvement 
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Discussion 


3.  Result,. 

Fig.  18  (point  184)  appears  to  indicate 


V.C  Patel  (Um\'  allows) 


The  authors  have  described  the  many 
problems  encountered  in  the  cal..  . ution  of 
stern  flows.  X  have  a  number  of  comments 
and  questions.  For  convenience,  these  are 
divided  into  three  parts. 

1-  Inviscid  Flow 

Tea  differences  among  the  results  of 
the  various  invisc id-flow  calculations  and 
experimental  data  (Figs. 3, 4, 7 ,9)  are  quite 
substantial  since  the  boundary  layer  re¬ 
sponds  to  the  GRADIENTS  of  pressure  and  the 
CURVATURES  of  the  streamlines.  An  accurate 
description  of  the  hull  and  coordinate  ge¬ 
ometry,  and  the  pressure  gradients,  is 
therefore  a  prerequisite  for  reliahle  bound¬ 
ary-layer  calculations.  In  view  of  the 
marked  sens  tivity  of  the  integral  method 
to  its  own  initial  conditions,  would  the 
authors  comment  on  (a)  the  sensitivity  of 
the  method  to  uncertainties  in  the  pressure 
gradients  implied  by  the  differences  in  the 
pressure  distributions,  and  (b)  the  influ¬ 
ence  of  the  initial  conditions  resulting 
from  Gadd's  method  on  the  subsequent  stern- 
flow  calculations  using  the  differential 
method  ? 

2.  Viscous-Flow  Calculations 

It  is  not  evident  from  the  paper 
whether  the  authors  use  the  TSL  or  the  FTSL 
equations  in  the  differential  method  for 
the  flow  over  the  stern.  The  treatment  of 
the  static-pressure  variation  is  also  not 
clear.  It  is  my  understanding  that  the 
TFL  equations  are  used  with  the  inviscid- 
f low  pressure  distribution  in  the  first 
boundary  layer  calculation  and  then  the 
centrifugal  approximation  is  used  for  the 
pressure  variation  in  a  second  solution  of 
the  TSL  equations.  Is  this  correct  ? 

Would  the  authors  comment  on  the  possibili¬ 
ties  of  obtaining  a  converged  solution 
after  further  iterations,  especially  in 
view  of  the  results  of  Hoekstra  a-  /Raven 
(Paper  VI-1)  ? 

With  regard  to  the  turbulence  model 
of  Bradshaw,  it  should  be  noted  that  the 
modification  of  L  for  the  extra  rates  of 
strain  was  proposed  for  small  extra  rates 
of  strain  and  that  hithertofore  it  has  been 
used  only  in  2D  and  axisymmetric  boundary 
layers.  Did  the  authors  include  extra 
strain  rates  arising  from  the  longitudinal 
and  transverse  surface  curvatures  and  how 
large  were  these  corrections  in  the  flow 
over  the  stern  ? 

Finally,  the  interactive  hypothesis 
for  the  calculation  of  the  near  wake,  to 
my  knowledge,  has  been  applied  thus  far  to 
2D  wakes.  What  additional  assumptions  were 
required  to  extend  it  to  the  highly  2D  wake 
and  how  were  the  necessary  boundary  condi¬ 
tions  determined  ? 


that  the  match  boundary  is  located  too 
close  to  the  hull.  The  comparison  in  Fig. 
19,  for  the  "most  severe"  point  183,  is, 
in  my  view,  incomplete  insofar  as  the  cor¬ 
responding  crossflow  profile  is  not  shown. 

I  believe  it  would  also  be  useful  to  make 
a  comparison  between  the  inviscid  pressure 
distribution  on  the  hull  and  that  obtained 
after  allowing  for  the  boundary  layer 
growth.  Additionally,  since  the  boundary 
layer  continues  to  grow  beyond  X/L  =  0.916 
on  Hoffmann’s  tanker  model,  and  the  ultimate 
goal  is  to  predict  the  velocity  field  i.. 
the  wake  at  the  propeller  plane,  it  would 
have  been  interesting  to  present  the  results 
beyond  this  station.  This  would  have  of¬ 
fered  an  opportunity  to  make  a  comparison 
between  the  predictions  of  this  method  and 
the  data  being  collected  by  Kux  and 
Wieghardt  at  several  stations  on  the  stern 
and  ir.  the  near  wake  of  this  model. 

The  term  "shear  separation"  (Fig. 20) 
is  a  new  one.  It  is  known  that  kinky  ve¬ 
locity  profiles  of  the  type  shown  in  Fig. 19 
and  sketched  in  Fig. 20  occur  in  regions  of 
crossflow  reversal  and  are  associated  with 
"f ree-vortex"  (Maskell)  or  "open"  (Wang) 
separation  leading  to  the  formation  of  a 
longitudinal  vortex.  twx  <  0  is  not  a  suf¬ 
ficient  indication  of  a  catastrophic  flow 
phenomenon  since  its  value  depends  upon  the 
local  coordinate  orientation.  A  complete 
picture  can  be  constructed  only  by  examining 
both  components  of  the  velocity  and  shear- 
stress  vectors.  I  would  therefore  advise 
some  caution  in  the  interpretation  of  these 
results. 

Finally,  the  authors  refer  to  boundary 
layer  and  near  wake  data  collected  at  NMI . 
Are  these  available  in  the  open  literature  ? 
If  so,  I  would  appreciate  their  explicit 
mention. 


M.  Hoskstra  (nsmB) 


The  scope  of  this  paper  is  so  wide 
that  many  essential  features  of  the  authors' 
method  remain  obscure.  I  hope  that  some 
points  can  be  clarified  in  the  reply  to 
the  following  questions. 

1.  (Chapter  4)  In  the  discussion  of 
the  blow-out  method  the  problem  of  how  to 
take  into  account  the  influence  of  the 
wake  is  addressed.  The  conclusion  is  that, 
when  there  is  no  information  on  the  wake 
flow,  it  is  reasonable  to  use  the  displace¬ 
ment  thicknesses  at  the  aftmost  position 
of  the  hull  for  the  computation  region  in 
the  wake.  Thus  1  would  expect  a  rather 
weak  source  strength  in  the  wake.  However, 
considering  Fig. 13  of  the  paper,  the  au¬ 
thors  found  a  very  high  and  apparently  con¬ 
stant  source  strength  in  the  wake  in  the 
interactive  calculation.  Can  the  authors 
explain  this  ? 

Actually  the  displacement  thickness 
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will  gradually  decrease  in  the  wake  sc  that 
the  presence  of  sinks  in  the  wake  seems  to 
be  more  likely. 

2.  In  chapter  5  Bradshaw's  suggestion 
is  followed  for  modifying  the  dissipation 
length  scale  in  the  turbulence  model  for 
extra  rates  of  strain.  What  kind  of  extra 
strain  rates  did  you  take  into  account  ? 

Did  you  simply  add  their  separate  effects  ? 

3.  (Chapter  6)  I  do  not  fully  under¬ 
stand  what  kind  of  coordinate  system  is 
used.  Is  it  a  non-orthogonal  system  while 
assuming  it  to  be  orthogonal  in  the  finite- 
difference  equations  ?  What  was  the  grid 
spacing  ?  Did  you  check  whether  your  solu¬ 
tion  is  grid  independent  ?  Are  the  metric 
coefficients  and  curvatures  in  your  equa¬ 
tions  dependent  on  the  coordinate  normal 

to  the  hull  ?  If  so,  how  did  you  determine 
them  ? 

4.  In  chapter  8  the  authors  state  that 
their  computer  code  had  to  be  checked 
against  numerical  stability,  artificial 
viscosity,  etc.  I  would  agree  with  that 
but  can  you  tell  how  you  checked  against 
artificial  viscosity  ? 

5.  Many  of  the  features  of  what  the 
authors  identify  as  shear  separation  are 
not  new  to  me.  We  experienced  them  in 
many  boundary-layer  calculations  and  in  my 
opinion  they  are  directly  related  to  vor¬ 
tex-layer  separation.  If  the  authors  have 
a  different  opinion  can  they  explain  ? 
what  puzzles  me  is  Fig. 20 3 .  Can  the  au¬ 
thors  explain  how  they  can  find  a  negative 
wall  shear  stress  without  finding  main- 
flow  reversal  ? 

Usually  calculation  methods  break 
down  very  soon  after  appearance  of  the 
phenomena  shown  in  Fig.201*.  The  "bubble 
capti ring"  technique  seems  to  me  a  ques¬ 
tionable  remedy  to  the  problem. 


L.  Larsson  (SSPA} 

The  authors  have  developed  an  inter¬ 
esting  hybrid  technique  for  ship  flow  cal¬ 
culations.  A  simple  integral  boundary  layer 
method  is  used  co  provide  initial  and 
boundary  data  for  a  differential  method. 

The  potential  flow  and  integral  boundary 
layer  solutions  are  described  fairly  com¬ 
pletely  and  I  have  only  one  question  on 
this: 

1.  It  is  stated  that  Gadd's  method  is 
very  sensitive  to  the  initial  condi¬ 
tions.  How  are  these  chosen? 

The  most  interesting  part  is  the  stern 
boundary  layer  calculations,  but  the  paper 
is  very  vague  in  its  description  of  these, 
so  I  have  a  number  of  questions: 

2.  Which  coordinate  system  is  used?  It 
is  stated  that  the  mapping  method  of 
Tuck  &  V.  Kerczek  is  used  to  determine 
approximate  streamlines.  This  must 
surely  be  as.  error  iince  the  Tuck  & 

V.  Kercze.-c  method  is  based  on  slender 
body  theory  while  m  this  case  the 
exact  solution  is  already  available. 


Maybe  the  authors  employ  a  system 
where  the  X,  =  const  lines  are  defined 
by  constant^pol?.-  angle  in  the  mapped 
plane?  It  has  been  used  by  V.  Kerczek 
and  several  others. 

Is  the  coordinate  system  based  on  the 
TSL  approximation  or  on  the  metrics 
functions  of  X_? 

It  is  stated  that  X,  is  (at  least 
nearly)  orthogonal  to  the  surface. 

How  do  you  handle  the  coordinate  sys¬ 
tem  when  passing  from  the  stern  of  a 
blunt  hull  into  the  wake? 

Which  extra  terms  are  included  in  the 
FTSL  equations  compared  with  the  TSL 
equations?  Do  you  account  for  cross¬ 
wise  (X,)  momentum  diffusion? 

Do  the  equations  contain  all  Reynolds 
stresses?  In  that  case  how  are  the 
normal  stresses  (u! 7 ,  u ' 1 ,  u V 7 )  and 
che  extra  shear  stress  (uy^ul) deter¬ 
mined? 

In  the  stern  region  of  most  ship 
models  the  normals  intersect  close  to 
the  boundary  layer  edge.  Do  you  still 
think  it  is  reasonable  to  express 
empirical  turbulence  functions  as  L 
and  G  as  functions  of  X_?  Isn't  it 
necessary  to  introduce  transport 
equations? 

You  refer  to  measurements  at  NMI,  from 
which  you  judge  the  magnitude  of  the 
terms  of  the  governing  equations. 

Since  these  measurements  must  contain 
very  detailed  turbulence  data  it  could 
be  very  interesting  to  see  them 
published.  No  such  results  are  avail¬ 
able  today  in  the  literature.  On  the 
second  page  of  your  paper,  you  refer 
to  results  presented  in  the  paper  for 
the  NMI  form.  They  seem  to  have  been 
dropped.  Will  they  be  included  in  the 
proceedings? 

What  is  the  exact  meaning  of  the 
"centrifugal  approximation"  to  the 
pressure.  Which  radius  of  curvature 
do  you  use?  The  hull  normal  curva¬ 
ture  cannot  be  used  close  to  the  stern 
since  it  is  of  the  opposite  sign  as 
compared  with  the  curvature  of  the 
streamline. 

You  use  the  v.d.Bug  wall  law  on  the 
hull  but  how  do  you  handle  the  inner 
boundary  condition  in  the  wake? 

Only  minor  changes  should  be  made  to 
the  program,  according  tc  §7.1. 

The  blow-out  sources  in  Fig. 13  can 
hardly  be  correct.  Even  as  far  aft 
as  10%  of  Lpp  aft  of  A.P.  you  have 
very  strong  positive  sources. 

Stronger  in  fact  than  the  original 
hull  so.ces.  In  the  wake  region 
you  would  expect  negative  sources. 

Can  you  explain  this? 

How  do  you  carry  the  numerical  solu¬ 
tion  past  the  point  of  the  hull  where 
you  have  a  wake  in  the  lower  region 
and  a  hull  in  the  upper  area. 

—  /u ill 
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13.  Has  the  viscid-inviscid  computation 
converged  after  only  two  iterations? 
(c.f.  Martin  Hoekstra's  paper) 

14.  Will  the  appendices  be  included  in 
the  Proceedings?  These  questions 
are  certainly  not  meant  to  reduce  the 
value  of  this  contribution,  but  it 
would  be  of  great  interest  to  others 
who  are  working  in  the  same  field  to 
know  the  method  better.  It  is  a 
great  pity  that  BSRA  did  not  partici¬ 
pate  in  the  Boundary  Layer  Workshop 
last  June,  where  most  experts  were 
present. 


Author’s  Reply 


A.Y.  Odabagi  (BSRA) 


We  would  like  to  express  our  gratitude 
to  the  discussers  for  their  interest  in 
our  paper.  Since  the  organising  committee 
has  requested  that  the  rtolies  should  be 
made  available  by  the  end  of  this  symposium, 
replies  to  some  of  the  questions  will  not 
be  complete  as  some  of  the  relevart  data, 
graphs,  and  details  are  not  readily  availa¬ 
ble.  Questions  raised  by  different  con¬ 
tributors  seem  to  converge  on  certain  areas 
and  in  order  to  avoid  repeating  we  shall 
attempt  to  reply  them  following  the  se¬ 
quence  adopted  in  the  paper. 

1 .  Initial  Calculations  (Potential 
Flow-Ir.teqral  Method-Blow  Out) 

Professor  Patel  raises  the  question  of 
sensitivity  of  the  method  to  uncertainties 
in  the  pressure  gradient.  This  question 
needs  to  be  stated  in  tnree  stages  ;  (i) 
Sensitivity  of  the  integral  method,  and 
(ii)  sensitivity  of  the  differential  meth¬ 
od  on  second  loop.  To  remedy  the  high 
sensitivity  in  the  integral  method  Gadd 
[8]  developed  a  procedure  which  was  pre¬ 
sented  and  discussed  previously.  From  our 
experience  these  modifications  bring  the 
pressure  gradient  to  an  acceptable  leve. 
of  accuracy.  In  the  differentia]  methoc 
the  potential  flow  pressure  gradient  is 
determined  on  the  matching  surface  which 
is  much  less  sensitive  to  small  errors  on 
the  determination  of  the  displacement 
thickness  since  the  matching  surface  is 
further  away  from  the  hull  surface  where 
the  sources  are  distributed.  Ir  our  ap¬ 
plication  to-aate  we  did  not  encounter 
any  serious  problem. 

We  found  the  questions  raised  by  Dr. 
Larsson  and  Mr.  Hcekstra  on  the  strength 
and  the  sign  of  tht  sources  in  the  nt nr 
wake  region  somewhat  amusing.  If  t::e  con¬ 
tributors  would  notice  the  location  given 


they  will  realise  that  this  is  the  place 
where  the  boundary  layer  an  near  wake  gets 
thicker  and  reaches  to  this  value  from  the 
2ero  thickness  value  in  the  initial  itera¬ 
tion.  The  values  demonstrated  in  Figure 
13  are  therefore  what  one  would  expect. 

The  essential  nature  of  the  wake  aingula- 
ties  will  be  of  a  source  character  since 
they  produce  thickness  which  is  not  there 
in  the  first  iteration  although  depending 
on  transverse  variation  of  the  displace¬ 
ment  thickness  they  may  sometimes  take 
negative  values  (i.e.  sinks). 

Professor  Patel  indicates  that  for 
Figure  18  the  matching  surface  remains 
within  the  boundary  layer.  As  an  experi¬ 
enced  experimenter,  I  am  sur^  he  is  well 
aware  that  in  3-D  boundary  ’avers  the  edge 
of  boundary  layer  is  not  quite  date'  ninate. 

If  one  examines  the  values  of  Reynolds 
stresses  corresponding  to  our  matching 
surface  location  it  will  be  found  that 
they  have  diminishingly  small  values.  In 
the  developed  program  suite  there  is  a 
special  precaution  for  that  kind  of  pos¬ 
sibilities  and  if  (x/us)  takes  larger 
values  than  10  "s  the  matching  surface  is 
redetermined.  In  a  number  of  applications 
this  possibility  did  not  arise  and  since 
Hoffmann  [2]  did  not  provide  Reynolds  stress 
measurements  we  did  not  take  the  situation 
in  Figure  18  seriously. 

Dr.  Larsson  asks  the  initial  conditions 
used  for  the  Gadd's  method.  They  are  modi¬ 
fied  rat  plate  formulae  for  the  integral 
boundary  layer  quantities.  The  differential 
method  is  much  less  sensitive  to  the  varia¬ 
tion  of  initial  conditions  (provided  they 
are  sensible  enough)  and  the  effect  of  small 
variations  vanishes  within  a  few  boundary 
layer  thickness  downstream. 

2 .  Coordinate  System 

The  questions  related  to  the  coordinate 
system  are  quite  numerous  and  they  are 
raised  by  Dr.  Larssor.  and  Mr.  Hoekstra. 

We  think  they  missed  the  real  message  in  our 
remarks  on  the  choice  of  a  coordinate  system. 
During  the  development  of  the  PHIVE  project 
we  developed  four  different  curvilinear 
coordinate  system  and  employed  every  one  of 
them  in  the  computations  which  led  us  to 
the  conclusions  expressed  in  the  paper . 
Although  all  of  these  coordinate  systems 
are  available  as  options  for  the  calcula- 
4  _  vi**jrc  vc  employed  c  jr.ct^od 

which  employs  Tuck  &  van  Kerczek  mapping 
method  as  its  oasis.  The  remarks  by  Dr. 
Larsson  on  the  validity  of  this  approach 
are  quite  inappropriate  and  I  would  suggest 
him  to  examine  the  results  of  Jinnaka  Ref.l) 
who  uses  only  three  parameters  to  describe 
the  section  and  excludes  tne  free-surface 
cor.tr ibutior  The  comp  jta-ionai  ease  of 
this  approach,  in  the  l.ght  of  the  remarks 
made  on  the  <.  ..oic<»  of  tie  coordinate  system, 
make  it  more  attractive  compared  to  stream¬ 
line  tracing  methods. 

Determination  of  metric  coefficients 
for  both  orthogonal  and  nonorthogonal  sys¬ 
tems  do  not  present  any  difficulty  except 
the  accuracy  in  numerical  derivation.  In 


-  775  - 


this  respect  we  developed  and  tested  a 
numbor  of  approaches  including  Bicubic 
aplinea.  Finally  on  a  gonoraliaation  the 
Lancsos  method  developed  by  ua  waa  utilised 
since  it  demonatrated  the  highest  degree  of 
accuracy  and  reliability,  including  the  ini¬ 
tial  and  final  regions  of  computation. 

The  coordinate  system  is  so  chosen 
♦•hat  the  metrics  are  allowed  to  vary  linear¬ 
ly  along  the  normal  coordinates  and  the 
variation  is  allowed  between  0.26  and  6. 

For  the  region  0  <  x  <  0.26  metrics  are 
taken  as  constant?  This  procedure  complies 
with  our  turbulence  conception  since  for 
x 2  <  0.26  there  is  wall  and  buffer  layers. 

In  the  light  of  this  explanation  the  ques¬ 
tion  raised  by  Dr.  Larsson  on  the  transi¬ 
tion  of  coordinates  from  hull  to  wake  re¬ 
gions  is  also  provided. 

Finally,  Dr.  Larsson  raises  the  ques¬ 
tion  of  intersecting  normals  around  the 
aft-end.  This,  at  least  for  likely  ship 
forms,  is  a  two  dimensional  visualisation 
of  a  three  dimensional  occurrence.  If  one 
thought  in  3-D  it  can  be  seen  that  such  a 
possibility  is  highly  unlikely.  The  co¬ 
ordinate  systems  developed  within  the 
PHIVE  project  however  do  not  suffer  from 
this  problem  even  it  occurs  because  firstly 
they  are  based  on  the  geometries  of  (hull 
+  0.26)  and  (hull  +  6)  surfaces.  Further¬ 
more  linear  variation  of  metrics  allows  for 
a  parabolic  normal  coordinate  direction. 

3.  Turbulence  Model  and  Numerical 
Computation  —— 

Almost  all  of  the  contributors  ask 
for  further  details  on  the  equations  of 
motions  and  complain  on  the  lack  of  details. 
If  however  one  remembers  the  present  size 
of  the  paper  which  is  already  above  the 
page  restriction  imposed  by  the  Organising 
Committee,  inclusion  of  further  details 
would  make  the  printing  prohibitive.  Since 
the  detailed  equations  and  the  reasoning 
on  their  choice  will  be  presented  in  Stan¬ 
ford-1982  Conference  we  shall  refrain  our¬ 
selves  from  filling  a  few  extra  pages. 

We  shall  be  content  with  stating  that  the 
equations  used  are  FTSL  equations,  where 
all  the  Reynolds  stress  terms  are  employed, 
except  t2.  No  transport  equations  are  used 
for  <uf>,  <U2>,<Uj>  and  they  are  determined 
in  a  manner  similar  to  the  one  used  by 
Townsend  in  the  rapid  distortion  approach 
(i.e.  by  relating  to  |t|).  Although  t2 
can  take  fairly  large  values  its  gradients 
are  fairly  small  and  hence  neglect  of  its 
contribution  does  not  create  any  inaccuracy. 
Crosswise  momentum  diffusion  is  obviously 
taken  into  account. 

Extra  strain  rates  are  included  in  two 
different  ways.  The  effect  of  streamline 
curvature  is  accounted  as 

e  =  ( |  t i  |  e,  +  j  t  j  j  e3)  /  |t| 

where  ei  and  ej  are  streamwise  and  cross- 
flow  extra  strain  rates  by  streamline  cur¬ 
vatures.  The  effects  of  9u2/9xi  and  9u2/ 

9x3  are  considered  separately  and  added 


into  shear  transport  aquations  but  are  not 
included  in  the  length  scale  correction. 

Tho  magnitude  of  eaff  is  compared  with  the 
mean  shear 

E  -  ( |  T  i  |  9ui/9xj  +  |ti|3Uj/3Xi)/h| 

at  every  step  and  if  exceed  0.5E  an  error 
message  is  printed  and  the  calculation  are 
re-adjusted . 

Since  we  have  already  replied  the 
question  raised  on  intersecting  normals. 

Dr.  Larsson 's  question  on  the  choice  of 
functions  L  and  G  becomes  irrelevant. 

His  suggestion  on  the  use  of  transport 
equations  is  answered  within  the  text 
since  the  later  version  of  Bradshaw's  tur¬ 
bulent  energy  method  [45]  contains  a  length 
scale  transport  equation  and  diffusion  is 
certainly  not  a  transportable  quantity. 

Dr.  Larsson  indicates  the  possible 
change  in  sign  of  curvatures  between  the 
hull  and  outer  streamlines  and  raises  the 
question  on  the  choices  of  radius  ir.  the 
centrifugal  approximation.  In  this  ap¬ 
proximation 


where  u  is  (/o  (ui  +  us)^2  dx2 ) / (uref 6) , 

R  is  the  local  value  of  (|ii|  Ri  +  |tj|Rj)/ 
|t|  which  is  assumed  to  vary  along  the 
normal  and  k  is  an  empirical  constant  de¬ 
termined  from  the  experimental  data.  As 
a  result,  the  problem  raised  by  Dr.  Larsson 
does  not  arise. 

Mr.  Hoekstra  raises  questions  on  the 
numerical  scheme  employed.  In  principle 
there  is  neither  any  difference  nor  any 
extra  difficulty  in  the  determination  of 
bi-characteristics  and  integration  along 
them  whether  an  orthogonal  or  non-orthogonal 
coordinate  system  is  used,  and  we  would 
have  hoped  that  Mr.  Hoekstra  would  give  us 
that  much  credit  to  distinguish  between  an 
orthogonal  and  non-orthogonal  system. 

Checks  on  the  accuracy  of  finite  difference 
schemes  are  performed  by  solving  somewhat 
simpler  equation  with  known  analytic  solu¬ 
tions.  Further  information  and  methods  may 
be  found  in  the  excellent  book  of  Roache 
[82]  . 

4  .  Determination  of  Wake 

Extension  of  interactive  hypothesis  to 
3-D  is  carried  out  in  a  straightforward  man¬ 
ner  as  we  are  only  interested  in  the  near 
wake.  Therefore,  the  body  is  extended  in 
the  direction  of  tangent  at  the  aftmost 
Btation  and  the  interaction  is  then  used 
as  in  2-D  or  axisymmetric  case.  The  only 
difference  appears  in  the  interpolation 
procedure  and  hence  no  additional  assump¬ 
tion  is  required  other  than  a  change  in  the 
dissipation  length  scale  equation.  We  hope 
this  brief  explanations  answer  Professor 
Patel's  question. 

Dr.  Larsson' s  question  on  the  exten¬ 
sions  to  near  wake  gives  the  impression 
that  he  is  not  acquainted  with  the  inter- 
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active  hypothesis.  Since  the  explanation 
of  the  basics  of  this  concept  will  be  quite 
lengthy  we  would  like  to  refer  Dr.  Larsson 
to  Refs.  [73  to  76] . 

5 .  Shear  Separation  and  Convergence 

Both  Professor  Patel  and  Mr.  Hoekstra 
raises  doubts  about  shear  separation  and 
ask  whether  it  is  a  vortex  layer  separation. 
As  indicated  by  one  as  in  the  discussion  of 
Professor  Kostilainen 1 s  paper,  shear  and 
free  vortex  layer  separation  are  distinct 
things  for  a  number  of  reasons  which  can  be 
summarised  as  follows  : 

1)  Vortex  layer  separation  requires 
the  presence  of  a  strong  cross-flow  velocity 
component  and  can  only  initiate  at  the 
region  of  streamline  coalescence,  whereas 
none  of  these  conditions  are  nece.'-sary  for 
the  presence  of  shear  separation. 

2)  Examination  of  hull  streamlines 
and  suggested  visualisation  indica-e  chat 
the  free  vortex  layer  separation  s  lould 
take  place  around  the  bilges  where  is  shear 
separation  can  exist  along  the  whole  girth 
of  the  ship. 

In  the  light  of  our  experience  the 
suggestion  on  the  existence  of  a  vortex 
layer  separation  is  ill-founded  and,  apart 
from  the  visual  similarity  appearing  in 
the  wake  contours,  there  is  no  justifica¬ 
tion  since  the  vortices  can  be  formed  with 
cross-flow  reversal  without  the  presence 
of  a  vortex  separation.  Our  further 
thought  on  the  subject  is  available  in  Ref. 
2)  . 

The  questions  related  to  the  converge 
iterations  need  to  have  two-fold  answer. 

As  presented  in  the  discussion  of  the  paper 
by  Hoekstra  and  Raven  (by  Odabapi)  we 
believe  that  the  instability  mentioned  in 
this  paper  appears  as  a  r  suit  of  the  han¬ 
dling  of  the  numerical  integration  rather 
than  a  physical  instability.  Additionally, 
we  do  not  iterate  for  the  boundary  condi¬ 
tions  on  the  matching  since  what  we  do  is 
a  modified  application  of  the  matching  sur¬ 
face  concept  as  used  by  Mahgoub  and  Brad¬ 
shaw  [54]  where  they  choose  their  matching 
surface  more  arbitrarily.  The  only  mean¬ 


ingful  iterations  are  the  stitching  (i.e. 
simultaneous  satisfaction  of  both  the  wall 
and  the  matching  surface  boundary  condi¬ 
tions)  and  inclusion  of  normal  momentum 
equation  to  improve  the  estimation  of  the 
pressure  which  is  being  implemented  since 
the  preparation  of  this  paper. 

Finally,  Mr.  Hoekstra  asks  how  the 
velocity  and  the  shear  vectors  can  be  in 
opposing  directions  and  questions  the 
validity  of  our  bubble  capturing  technique. 
Shear  separation  appears  as  a  form  of  weak 
singularity  which  propagates  in  the  direc¬ 
tion  of  the  downstream  bi-characteristic. 
Therefore,  procedures  of  integration 
through  weak  singularities  like  upwind 
differencing  can  be  modified  and  used  as 
we  did  in  our  approach. 

6 .  Additional  Information 

As  mentioned  before,  since "the  replies 
have  to  be  handed  to  the  Organizing  Com¬ 
mittee  by  10th  October,  1980  the  cross- 
flow  velocity  and  shear  profiles  and  the 
calculated  wake  details  cannot  be  included 
within  the  replies  as  they  are  back  at 
U.K.  We  shall  however  try  to  make  them 
available  in  the  earliest  possible  oppor¬ 
tunity. 

Since  this  project  was  financed  by 
Industrial  Sponsors  mentioned  in  our  ac¬ 
knowledgement  list  further  dissemination 
of  information,  including  NMI  wind  tunnel 
data,  will  be  subject  to  their  approval. 

We  however  hope  that  more  information  will 
be  published  in  the  open  literature  in 
the  near  future. 
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ABSTRACT 


Maneuvering  tests,  like  all  hydrody¬ 
namic  tests  with  ship  models,  are  necessar¬ 
ily  subject  to  certain  scale  effects  owing 
primarily  to  the  enormous  discrepancy  be¬ 
tween  the  Reynolds  numbers  of  the  model  and 
the  full-scale.  The  crucial  element  in  ma¬ 
neuvering  tests  is  the  ruader  which  is  sus¬ 
ceptible  to  rather  perplexing  scale  effects 
of  multiple  origin.  Sometimes,  the  Reynolds 
number  of  the  model  rudder  may  be  too  low 
to  sustain  fully  turbulent  flow.  More  im¬ 
portantly,  the  inflow  to  the  rudder  is  al¬ 
ways  dynamically  dissimilar  between  model 
and  full-scale  due  to  dissimilar  hull  wake 
and  propeller  race.  The  novel  Computerized 
Planar  Motion  Carriage  (CPMC)  installed  at 
the  Hamburg  Ship  Model  Basin  (HSVA)  in  1975 
and  first  introduced  to  the  international 
naval  hydrodynamic  community  at  the  Elev¬ 
enth  ONR  Symposium  on  Naval  Hydrodynamics 
at  London  in  1976  has  afforded  an  opportun¬ 
ity  to  study  this  effect  closely  on  the 
ITTC  standard  model  of  a  MARINER  type  ship. 
The  test  program  included  a  unique  series 
of  2igzag  maneuvers  in  which  the  model  was 
unconstrained  in  all  six  degrees  of  freedom 
and  yet  subject  to  a  controlled  towing  force 
in  the  longitudinal  direction.  As  a  result 
of  this  investigation  the  authors  hope  to 
have  shed  new  light  on  the  traditionally 
controversial  issue  of  whether  it  is  more 
expedient  to  operate  the  model  propeller  at 
the  celf-p  opulsion  point  of  the  full-scale 
or  at  the  self-propulsion  point  of  the  model 
itself. 

NOMENCLATURE 


Abbreviations 


HSVA  Hombui'gische  Schiffbau- Versuoksars tait 

(Hamburg  Ship  Model  Basin) 

IfS  Institut  fiir  Schiffbau,  Hamburg 

ITTC  International  Towing  Tank  Conference 

MSPP  Model  self-propulsion  point 

SSPP  Ship  self-propulsion  point 

SFB  98  Sonderforschungsbeveiah  "Schiffstechr.ik" 

(Special  research  pool  for  ship 
technology  at  Hamburg  and  Hanover) 


Symbols 


R 

'Vp 

B 

c 

D 

d 

fD 

r 

‘n 

G 

9 

I 

zz 

*r 

1/ 

L 

m 

R 

0 

F 


Total  rudder  area 

Rudder  area  swept  by  propeller  race 
Beam 

Effective  flow  velocity  past  rudder 
Diameter  of  propeller 
Distance  between  propeller  disk  and 
quarter  mean  chord  of  rudder 
Towing  force  on  self-propelled  model 

Froude  number 

Center  of  gravity 
Acceleration  due  to  gravity 
Moment  of  inertia  about  the  z-axis 

Propeller  thrust  coeff.  =  T/on*?' 

Correction  factor,  see  Eq.  (3) 
Length  between  perpendiculars 
Mass 

Rate  of  revolutions  of  propeller 
Hydrodynamic  moment  about  z-axis 
Coordinate  origin  fixed  in  the  body 
usually  amidships  in  the  waterplane 
Arbitrary  hydrodynamic  coefficient 
in  sensitivity  analysis 
Rate  of  turn  about  s-axis  (yaw  rate) 

Sensitivity  factor  (x  versus  p) 

Thrust  of  propeller 

Period  of  zigzag  maneuver  (Fig.  3; 

Time 


CPMC 


Computerized  planar  motion  carriage 


V 


Resultant  velocity  of  0  in  the 
horizontal  piane 
U  Axial  velocity  induced  by  propeller 

U  Asymptotic  value  of  t'A  as  s  ■*  -“ 

U  Steady  value  of  U  in  approach  phase 

u,v  Components  of  U  along  x  and  y  axes 

;7a  Speed  of  advance  of  propeller 

u  Taylor  wake  fraction 

y.,i  Hydrodynamic  forces  along  x,y  axes 

x  Arbitrary  output  variable  used  for 

sensitivity  analysis 

x,y,z  Coordinate  axes  fixed  in  the  body 
*g,!/g,»g  Coordinates  of  center  of  gravity 

x  ,y  ,s  Coordinates  of  0  in  an  earth-fixed 
000  system  (see  Fig.  2) 

Overshoot  angle  in  zigzag  maneuver 

5  Drift  angle 

6  Rudder  angle 

oq  Neutral  rudder  angle  (r  =  0) 

6  Max.  value  of  &  in  zigzag  maneuver 

0  Pitch  angle 

p  Mass  density  of  water 

t  Characteristic  times  of  zigzag 

maneuver  (see  Fig.  3) 

Ta  Time  to  attain  switching  value  iiis 

Time  to  brake  (check)  yaw  rate  r 

t  Time  for  counterturn 

c 

Tr  Reach  time  (see  Fig.  3) 

<f>  Roll  angle 

Heading  angle 

i y  Switching  value  of  0  in  zigzag  man. 

w  Circular  (radian)  frequency 

Notes 

As  far  as  possible,  ITTC  standard  symbols 
have  been  used.  A  prime  (*)  denotes  that  the 
quantity  has  been  non-dimensionalized  using 
as  fundamental  units  p£s/2  for  mass,  L  for 
length  and  L/V  for  time.  A  hat  ('“)  is  used 
to  denote  some  specific  value  of  a  motion 
variable,  usually  the  amplitude  in  a  har¬ 
monic  oscillation.  As  usual,  superscript 
bar  (~)  and  dot  (’)  denote  time  average  and 
time  derivative  respectively. 

Dimensional  numerical  values  in  the  paper 
refer  to  the  1  :  25  scale  model  rather  than 
to  the  full-size  ship,  unless  explicitly 
otherwise  indicated. 

The  fundamental  and  derived  units  of 
measurement  (as  well  as  their  abbreviations) 
used  in  the  paper  conform  to  the  SI  system. 

introduct:  n 

Four  years  ago  [l]  the  Authors  had  in¬ 
troduced  to  this  audience  a  novel  Computer¬ 
ized  Planar  Motion  Carriage  (CPHC) ,  then 
recently  installed  at  the  Hamburg  Ship  Model 
Basin  (HSVA) .  Besides  a  description  of  this 
new  facility,  that  paper  also  contained  some 
preliminary  results  of  basic  maneuvering 
tests  with  a  1  :  25  scale  model  of  a  MARINER 


type  ship.  It  was  subsequently  confirmed  that 
the  CPMC  model  testing  technique  is  capable 
of  identifying  the  maneuvering  behavior  of 
an  ordinary  ship  with  almost  arbitrary  pre¬ 
cision  at  the  model  scale.  This  validation 
rests  upon  the  unique  capability  of  the  CPMC 
to  perform  on  the  same  ship  model  in  the  same 
model  tank  both  force  measurements  in  a  cap¬ 
tive  state  (Mode  A  =  towing)  and  trajectory 
measurements  in  a  free-running  state  (Mode 
B  =  tracking) .  The  corresponding  results  for 
the  MARINER  model  are  fully  documented  else¬ 
where  [2]  ana  will  be  only  summarized  here 
for  the  sake  of  ready  reference. 

However,  it  was  also  found  that  a  sub- 
st.  .itial  discrepancy  exists  between  our  re¬ 
sults  at  the  model  scale  and  the  famous  full- 
scale  measurements  of  Morse  and  Price  [3]. 

In  search  of  a  satisfactory  explanation  we 
were  contemplating  inter  alia  an  investigation 
of  possible  scale  effects.  The  call  for  papers 
issued  by  the  United  States  Office  of  Naval 
Research,  listing  "Scale  effects  of  viscous 
flow  about  hulls  and  wave-wake  interactions 
with  and  without  maneuvering  motions"  as  a 
subject  of  special  interest  for  this  Sympo¬ 
sium,  therefore  hit  upon  fertile  ground  and 
inspired  us  to  conduct  a  special  series  of 
tests  with  the  MARINER  model,  specifically 
designed  to  assess  the  effect  of  propeller 
race  on  maneuverability,  taking  advantage  of 
the  perfect  tracking  capability  of  the  CPMC. 
In  this  singular  experiment  the  ship  model 
performed  zigzag  maneuvers  in  the  tank  with¬ 
out  physical  constraint  in  any  of  its  six  de¬ 
grees  of  freedom  but  for  a  controlled  exter¬ 
nal  towing  force  in  the  longitudinal  direc¬ 
tion  required  to  balance  the  propeller  over¬ 
load  or  underload.  This  paper  is  devoted  to 
the  presentation  and  discussion  of  the  re¬ 
sults  of  this  experiment  in  the  general  con¬ 
text  of  scale  effects  in  maneuvering  tests, 
with  special  focus  on  rudder  phenomena. 

2.  MATHEMATICAL  MODEL  AND  ITS  IDENTIFICATION 

Our  basic  mathematical  model  for  simu¬ 
lating  arbitrary  rudder  maneuvers  is  a  purely 
formal  generalization  of  the  model  originally 
proposed  by  Abkowitz  [4j  and  now  in  common 
use.  The  rather  lengthy  equations  of  motion 
are  documented  in  Appendix  A  using  standard 
ITTC  nomenclature  as  explained  above  in  con¬ 
junction  with  Figs.  2  and  3.  Let  us  demon¬ 
strate  the  power  of  such  formal  models  using 
the  MARINER  type  ship  as  an  example.  Evident¬ 
ly,  any  and  all  of  the  unknown  force  coef¬ 
ficients  occurring  in  Appendix  A  can  be 
identified  directly  by  means  of  a  suitable 
sequence  of  experiments,  given  a  facility 
capable  of  continuous  force  measurements 
wnile  imposing  arbitrarily  prescribed  surge, 
sway  and  yaw  motions  on  a  ship  model  with 
preset  rudder  angle  and  propeller  rate  of 
revolutions.  The  CPMC  is  such  a  facility. 
Omitting  unimportant  technical  details,  which 
may  be  found  elsewhere  [1,2],  we  reproduce 
here  in  Table  1  a  set  of  88  force  coef¬ 
ficients  determined  from  captive  tests  for 
the  MARINER  model  at  a  preset  propeller  rate 
of  revolutions  corresponding  to  the  self- 
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propulsion  point  of  the  1  :  25  scale  model  at 
an  approach  speed  of  1.543  m/s  corresponding 
to  15  knots  full-scale.  These  coefficients 
were  evaluated  by  a  sequential  -.inear  re- 
ression  analysis  on  the  entire  set  of  force 
records  until  a  reasonable  fit  was  achieved 
within  the  bounds  of  experimental  scatter. 

Giver,  this  set  of  coefficients,  one 
may  now  simulate  any  arbitrary  rudder  maneu¬ 
ver  (at  constant  propeller  revolutions)  by 
prescribing  the  desired  sequence  or  strategy 
of  rudder  commands  as  the  input  and  com¬ 
puting  the  model  response  by  numerically 
integrating  the  equations  of  motion.  The 
entire  scheme  can  be  stringently  verified 
and  validated  by  comparison  with  multi-com¬ 
ponent  trajectory  records  obtained  by  let¬ 
ting  the  CPMC  (in  Mode  B)  track  the  free- 
running  model  during  any  rudder  maneuver 
executable  in  the  tank.  Just  this  kind  of 
comparison  is  shown  in  Figs.  4  to  7  for  four 
quantitatively  different  zigzag  maneuvers  of 
the  MARINER  model.  It  is  needless  to  say 
that  fair  agreement  prevails  throughout  be¬ 
tween  computer  simulation  and  direct  trajec¬ 
tory  measurement. 

We  note  parenthetically  that  this 
agreement  may  also  be  construed  as  indirect 
evidence  for  the  general  adequacy  of  the 
subset  of  coefficients  represented  in  Table 
1  and  hence  of  the  superfluity  of  including 
time  history  effects  in  simulating  rudder 
maneuvers.  Incidentally,  a  systematic  study 
of  the  relative  importance  of  each  of  the 
previous  88  coefficients  for  the  simulation 
of  various  maneuvers  was  conducted  in  Re¬ 
ference  [5] .  A  typical  rank  order  based  on 
suitably  defined  sensitivity  factors  is  re¬ 
produced  in  Table  6.  Obviously,  many  of  the 
force  coefficients  can  be  dropped  without 
significant  loss  of  accuracy  in  the  trajec¬ 
tory  simulation  of  ordinary  maneuvers. 

The  above  procedure  may  be  called  direct 
system  identification  and  validation.  An  al¬ 
ternative  approach,  which  we  prefer  to  call 
indirect  system  identification,  was  worked 
out  by  one  of  the  Authors  and  documented  in 
Reference  ^6] .  In  this  method  no  captive 
model  tests  are  required  in  principle.  In¬ 
stead,  the  unknown  coefficients  of  the  equa¬ 
tions  of  motion  are  determined  by  an  iter¬ 
ative  curve  fitting  procedure  applied  to 
the  recorded  trajectories  of  a  suitable  set 
of  source  maneuvers  executed  by  the  free- 
running  ship  (model) .  For  this  purpose  it  is 
expedient  to  rewrite  the  original  equations 
of  motion  in  the  form  of  decoupled  acceler- 
at  on  equations  as  explained  in  Appendix  B. 
Tne  success  of  this  scheme  is  enhanced  by 
the  availabily  of  accurate,  high  resolution 
trajectory  data  produced  by  the  CPMC.  The 
predictive  power  of  the  coefficients  thus 
derived  depends  on  how  well  the  source  ma¬ 
neuvers  cover  the  desired  perrormance  er  - 
velope  of  the  ship.  It  may  be  verified  and 
validated  by  comparing  computer  simulations 
of  independent  test  maneuvers  w_th  actual 
trajectory  records. 

As  an  illustration  of  this  technique 
we  present  in  Table  3  a  set  of  41  force  co¬ 
efficients  derived  from  a  set  of  four  source 


maneuvers  chosen  to  cover  uniformly  almost 
the  entire  practical  range  of  motion  vari¬ 
ables  u,v,r  and  the  control  variable  c  as 
displayed  in  Fig.  8.  It  may  be  noted  in  pas¬ 
sing  that  our  algorithm  for  indirect  system 
identification  automatically  determines  the 
unknown  coefficients  sequentially  in  the 
rank  order  of  their  significance  through  mul¬ 
tiple  linear  regression  analysis  controlled 
by  error  and  truncation  criteria  judiciously 
devised  by  the  user.  The  extreme  curve  fit¬ 
ting  effectiveness  of  the  above  set  of  co¬ 
efficients  is  verified  by  the  fact  that  com¬ 
puter  simulations  of  source  maneuver  trajec¬ 
tories  are  almost  indistinguishable  from  the 
original  records,  as  seen  for  instance  in 
Fig.  9.  Their  predictive  power  is  exhibited 
by  the  almost  equally  good  match  between  the 
computer  simulation  and  direct  trajectory 
measurements  cf  independent  test  maneuvers , 
as  seen  for  example  in  Fig.  10.  In  short,  for 
many  practical  applications  the  relatively 
economic  indirect  system  identification  by 
trajectory  analysis  might  well  substitute  the 
considerably  more  elaborate  direct  system 
identification  by  force  analysis. 

3.  SPECIFIC  STUDY  Of  RUDDER  EFFECTIVENESS 

3.1.  Motivation 

We  have  just  shown  the  feasibility  of 
identifying  and  validating  the  general  math¬ 
ematical  model  of  Appendix  A  by  means  of 
suitable  CPMC  tests  and  hence  of  simulating 
all  ruder  maneuvers  with  almost  arbitrary 
precision  in  the  model  tank.  However,  as  will 
be  seen  shortly,  an  appreciable  discrepancy, 
persists  between  model  tank  and  full-scale 
performance,  at  least  for  the  MARINER  type 
ship.  One  might  be  tempted  to  blame  it  on 
experimental  error  due  to  non? deal  test  con¬ 
ditions  in  the  full-scale  trials  [3] .  But  in 
search  of  a  more  satisfactory  explanation  we 
decided  to  examine  the  possibility  of  sys¬ 
tematic  scale  effects,  especi  ’y  on  the 
rudder  which  is  naturally  th_  ucial  el¬ 
ement  in  ship  maneuvering. 

3.2.  Literature  Scan 

There  exists,  of  course,  ?  appreciable 
amount  of  literature  on  rudder  *\e  effects. 
Not  surprisingly,  it  is  marked  wren  consider¬ 
able  confusion  and  contradictory  claims.  Con¬ 
ventional  Froude  scaling  properly  takes  care 
of  the  primary  inertial  and  wavemafcing  ef¬ 
fects  in  ship  hydrodynamics.  The  so-called 
"scale  effects"  are  residual  secondary  ef¬ 
fects  resulting  mainly  from  the  inevitable 
inequality  of  Reynolds,  Weber  and  Thoma  num- 
bers-representing  dynamic  dissimilarity  of 
fluid  friction,  aeration  and  cavitation  re¬ 
spectively  -  between  model  and  full-scale. 
These  phenomena  have  usually  minor  and  often 
mutually  compensatory  effects  on  maneuvering 
performance,  so  that  the  sum  total  of  all 
scale  effects  is  fortunately  small  in  quan¬ 
tity,  but  annoyingly  unpredictable  in  qual¬ 
ity.  For  instance,  it  is  not  possible  to  say 
with  generality  whether  the  turning  capabil- 


ity  (or  any  other  maneuvering  characteristic 
for  that  matter)  of  the  full-scale  should  be 
(slightly)  higher  or  lower  than  that  of  the 
Froude  model  as  a  consequence  of  scale  ef¬ 
fects,  which  makes  it  difficult  to  devise 
empirical  "correlation  factors"  otherwise  so 
popular  in  tankery.  As  early  as  1959  Suarez 
and  Strumpf  [7]  concluded  from  a  systematic 
survey  of  11  widely  different  ship  types 
tnat  the  ratio  of  the  turning  capability  (as 
expressed  by  the  reciprocal  of  the  tactical 
diameter)  of  (five-foot)  models  to  that  of 
the  prototypes  varied  from  0.7  to  1.2  ap¬ 
proximately. 

In  his  concise  but  competent  survey  of 
scale  effects  in  ship  maneuvering  and  control 
Mandel  [8]  calls  attention  to  the  need  of 
distinguishing  between  direct  scale  effects 
on  the  rudder  as  such  and  indirect,  i.e.  hull 
and  propeller  induced,  scale  effects  on  the 
rudder.  The  former  comprise  reduced  maximum 
foil  lift  coefficient  and  stall  angle  (due 
to  lower  Reynolds  number,  especially  if  tur¬ 
bulent  flow  cannot  be  sustained) ,  reduced 
aeration  on  a  surface  piercing  rudder  (due 
to  relatively  higher  surface  tension)  and 
reduced  cavitation  (due  to  relatively  higher 
ambient  pressure)  on  the  model  rudder  as  com¬ 
pared  to  full-scale.  The  latter  comprise  re¬ 
latively  lower  inflow  velocity  (and  hence 
lower  forces)  due  to  stronger  hull  boundary 
layer  and  wake,  but  relatively  higher  inflow 
velocity  (and  hence  higher  forces)  due  to 
stronger  propeller  loading  and  race  on  the 
model  rudder  compared  to  full-scale.  This 
important  distinction  between  intrinsic  and 
extrinsic  scale  effects  on  the  rudder  has 
also  been  noted  by  various  other  authors. 

As  regards  the  scale  effect  on  differ¬ 
ent  maneuvering  characteristics,  Thieme  [9] 
argued  on  theoretical  grounds  that  the  ef¬ 
fect  on  course  keeping  and  checking  capa¬ 
bility  should  be  only  half  as  strong  as  the 
effect  on  turning  capability.  On  the  other 
hand  Kawano  [10]  and  others  have  ascertained 
by  experiment  that  scale  effects  are  most 
marked  in  course  keeping  and  almost  negli¬ 
gible  in  hard  turns.  Surely  such  apparent 
contradictions  can  be  resolved  by  scruti¬ 
nizing  the  details  of  the  case.  But  it  is 
obvious  that  rudder  scale  effects  arise  as 
small  differences  of  mutually  compensatory 
phenomena  and  that  on  reasonably  sized  ship 
models  (i.e.  not  less  than  5  m  long)  the 
dominant  effect  is  due  to  the  hull  and  pro¬ 
peller  induced  components  of  tne  flow  veloc¬ 
ity  past  the  rudder,  see  for  instance  [llj. 

3.3.  Propeller  Overload  and  Underload  Tests 

One  of  the  traditional  controversies 
in  tankery  rages  over  the  question  whether 
maneuvering  experiments  ought  to  be  con¬ 
ducted  with  the  model  propeller  operating 
at  the  actual  model  self-propulsion  point 
(MSPP)  or  the  corresponding  ship  self-pro¬ 
pulsion  point  (SSPP) .  Whereas  the  champions 
of  Planar  Motion  Mechanisms,  e.g.  [12, 13,141, 
usually  advocate  SSPP  which  can  be  "realized' 
easily  in  captive  model  tests,  the  operators 
of  Maneuvering  Basins  for  free-running  models 


make  a  virtue  out  of  necessity  by  claiming 
that  contradictory  scale  effects  balance  each 
other  more  evenly  at  MSPP1  Fortunately  we  do 
not  have  to  take  sides  in  this  delicate  issue 
as  we  happen  to  possess  a  facility  which  can 
conduct  not  only  captive  tests  L"t  also  free- 
running  maneuvers  with  the  model  propeller 
operating  at  any  desired  rate  of  revolutions. 
Thanks  to  the  imperceptibly  small  tracking 
lag  of  the  CPMC  in  x„,  and  ij>  directions  in 
Mode  B,  a  controlled  towing  assistance  or  re¬ 
sistance  can  be  applied  to  the  freely  maneu¬ 
vering  model  in  the  body-fixed  longitudinal 
direction  (x)  in  order  to  compensate  for  the 
propeller  underload  or  overload  respectively. 
Previous  attempts  to  conduct  such  experiments 
with  the  aid  of  deck-mounted  air  screws,  e.g. 
[I5j,  must  be  discarded  as  cumbersome  and  in¬ 
accurate. 

In  order  to  determine  directly  the  de¬ 
pendence  of  maneuvering  performance  on  pro¬ 
peller  loading  (via  rudder  effectiveness)  for 
the  MARINER  type  ship  we  performed  systematic 
sets  of  at  least  five  parametrically  differ¬ 
ent  zigzag  maneuvers  6  =  30°/10°, 

20°/ 10°,  10°/10°,  100/10  and  20°/20°)  at  each 
of  eight  distinct  propeller  rates  of  revolution 
ranging  from  5.30  Hz  to  6.65  Hz.  Note  that 
the  MSPP  of  the  1  :  25  scale  model  lies  at 
6.09  Hz,  whereas  the  SSPP  extrapolated  ac¬ 
cording  to  the  Sc'noenherr  friction  line  for 
an  ideal  smooth  hull  lies  at  5.51  Hz  for  the 
model  corresponding  to  66.1  RPM  for  the  full- 
scale.  The  towing  force  FD  required  to  com¬ 
pensate  for  the  model  propeller  overload  or 
underload  is  given  in  Table  2.  For  practical 
purposes  the  maneuvering  performance  is  per¬ 
haps  best  expressed  by  certain  characteristic 
parameters  of  the  20°/20°  standard  zigzag  ma¬ 
neuver  as  defined  schematically  in  Fig.  3. 

The  experimentally  ascertained  variation  of 
nine  such  characteristic  parameters  with  pro¬ 
peller  loading  is  plotted  in  Fig.  11.  As 
qualitatively  expected,  the  ship  response 
to  helm  improves  with  increasing  propeller 
loading,  as  inc.  cated  by  decreasing  times  to 
attain  switching  value  of  heading  angle  t  , 
to  check  yaw  rate  Tb,  to  return  to  initial 
heading  tc,  as  well  as  reach  time  tr  and 
period  T.  The  turning  capability  as  expressed 
by  the  maximum  negative  yaw  rate  vain  in  the 
first  half-swing  also  increases  with  propel¬ 
ler  overload.  The  overshoot  angles  agi  and 
C02  are  not  appreciably  affected,  while  the 
"transfer"  as  measured  by  the  maximum 

distance  normal  to  the  original  path  in  the 
first  half-swing  decreases  with  propeller 
overloadl  For  the  sake  of  completeness,  the 
numerical  values  of  these  nine  characteristic 
zigzag  output  parameters  are  assembled  in 
Table  4  for  the  32  major  runs  comprising  all 
combinations  of  the  four  zigzag  input  para¬ 
meter  pairs  {iisi&a)  with  the  eight  distinct 
propeller  loadings  (."o  or  n) . 

Undoubtedly,  the  effect  of  propeller 
loading  on  maneuvering  performance  arises 
predominantly  from  altered  rudder  effective¬ 
ness  in  the  propeller  race  and  not  so  much 
from  forces  acting  directly  on  the  propeller 
blades.  (Note,  however,  that  the  compensa¬ 
tory  wake  effect  which  would  occur  if  the 
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propeller  overload  were  required  only  to 
overcome  an  increased  friction  or  the  hull 
surface,  was  not  simulated  in  our  experi¬ 
ments.)  To  facilitate  a  hydrodynamic  expla¬ 
nation  of  this  phenomenon  it  is  useful  to 
estimate  the  effective  flow  velocity  past 
the  rudder  a  as  proposed  for  instance  by 
Norrbin  [16]  and  further  refined  by  Thulin 
[l7j  as  follows: 
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In  passing  we  note  that  a  more  radical 
variation  of  propeller  loadings  was  investi¬ 
gated  for  the  captive  MARINER  model  by  Laudan 
L 1 9 J  including  separate  multi-component  force 
measurements  on  the  hull,  propeller  and  rud¬ 
der,  and  even  covering  cavitation  effects 
[18]  within  the  framework  of  a  related  pro¬ 
ject  of  the  SFB  98,  but  space  limitations 
prohibit  a  detailed  discussion  and  incorpor¬ 
ation  of  his  results  into  this  paper. 

4.  CORRELATION  WITH  THE  FULL-SIZE  SHIP 


i/A  a  k  {  -  */A  +  / :/'A2  +  §  Xj.  n*D2  }  ( 2 ) 


V.  =  (1  -  o)  V  (4) 

A  o 

with  the  Symbols  defined  previously.  Using 
the  known  mean  wake  fraction  for  the  model 
yM  =  0.25,  reading  the  thrust  coefficient 
Kj  as  a  function  of  the  advance  coefficient 
*  =  '/A/n  D  from  the  openwater  propeller  chart, 
and  taking  the  reduction  factor  k  as  a  tabu¬ 
lated  function  of  nondimensional  distance 
2a/D  from  the  propeller,  the  effective  flow 
velocity  past  the  rudder  a  was  calculated 
for  each  test  condition,  see  Table  2.  Corre¬ 
sponding  values  for  the  full-scale  were  also 
estimated  by  first  extrapolating  the  wake 
fraction  according  to  the  ITTC  1978  standard 
recommendation: 

Us  -  (t  *  0.04)  +  <UM-  t  -  0.04)  (5) 

Calculating  the  coefficients  of  friction  Cp 
according  to  the  ITTC  1957  line  and  substi¬ 
tuting  0.12  for  the  thrust  deduction  frac¬ 
tion  i  yielded  a  numerical  value  ofy_  =  0.20, 
which  led  to  the  right  half  of  Table  x. 

Of  course, captive  model  tests  were  also 
conducted  at  different  propeller  loadings. 

In  particular,  two  comprehensive  test  series 
in  CPMC  Mode  A  were  performed  to  completely 
identify  the  mathematical  model  of  Appendix 
A  at  n  =  6.09  Hz  (MSPP)  and  *  =  5.51  Hz 
(SSPP) .  The  MSPP  coefficients  (Table  1)  were 
discussed  earlier  in  the  context  of  our 
basic  techniques  of  system  identification 
and  validation.  The  SSPP  coefficients 
(Table  5)  will  be  discussed  in  the  next  sec¬ 
tion  in  the  context  of  correlation  between 
model  and  full-scale.  Suffice  it  to  say  at 
this  point  that  significant  differences  be¬ 
tween  the  two  sets  were  found  mainly  in  the 
rudder  angle  coefficients  and  that  the  rud¬ 
der  angle  dependent  forces  seem  to  vary 
approximately  in  proportion  to  o 1 ,  that  is 
che  square  of  the  estimated  effective  flow 
velocity  past  the  rudder,  see  Table  2.  This 
makes  sense  in  terms  of  airfoil  theory  and 
suggests  a  simple  computational  procedure 
for  simulating' the  effects  of  varying  hull 
vake  and  propeller  race  in  general,  and 
scale  effects  in  particular. 


We  are  now  ready  to  compare  minutely 
our  model  tank  results  versus  the  full-scale 
trials  documented  in  Reference  [3] .  Let  us 
first  examine,  following  conventional  prac¬ 
tice,  how  the  computer  simulations  based  on 
SSPP  coefficients  (Table  5)  compare  with  the 
full-scale  spiral  maneuver  (Fig.  12a)  and 
20°/20°  standard  zigzag  maneuver  (Fig.  13). 
Note  parenthetically  that  our  zigzag  simu¬ 
lation  duplicates  not  the  20°/20°  rudder 
strategy,  but  the  actual  full-scale  trial 
record  of  rudder  angle  as  a  function  of  time; 
the  former  tends  to  be  self-correcting  and 
hence  provides  a  less  stringent  test  of  the 
simulation  accuracy!  Although  the  correlation 
is  not  bad,  clearly  there  are  significant 
discrepancies  between  model  and  full  scale. 
Firstly,  the  full-size  ship  exhibits  a  far 
more  pronounced  port/starboard  asymmetry  in 
the  turning  characteristic  (r  -  6  curve) 
than  the  model.  This  was  also  observed  by 
Chislett  and  Str0m-Te jsen  [20] ,  who  attrib¬ 
uted  it  conjecturally  to  a  possible  asymmet¬ 
rical  fouling  of  the  full-scale  hull!  Se¬ 
condly,  if  we  compare  the  average  of  the 
port  and  starboard  rates  of  turn  at  moderate 
rudder  angles,  the  full-size  ship  appears  to 
possess  about  15% greater  turning  capability 
than  our  model.  Thirdly,  the  neutral  rudder 
angles  of  the  model  and  full-scale  seem  to 
have  opposite  signs;  curiously,  the  same 
(minor)  discrepancy  was  ascertained  in  the 
earlier  simulations  reported  from  Lyngby 
[20]  but  eliminated  without  comment  in  the 
revised  simulations  based  on  a  new  series 
of  tests  [13].  This  latter  Reference  also 
contains  a  thorough  analysis  of  the  possible 
causes  of  the  anomalous  behavior  of  the  full- 
size  ship,  the  most  plausible  of  which  is 
that  the  full-scale  trials  were  conducted 
at  disproportionately  high  propeller  loadings 
either  by  mistake  or  by  necessity  owing  to 
increased  hull  resistance.  Note  that  in  Ref. 
[3]  the  15  knots  approach  speed  maneuvers  are 
recorded  to  have  been  started  with  an  initial 
propeller  rate  of  about  76  RPM  whereas  the 
tank  prediction  for  a  smooth  hull  is  only 
about  66  RPH. 

Next,  let  us  compare  directly  the  free- 
running  model  zigzag  maneuver  (20®/20°)  with 
the  corresponding  full-scale  maneuver  (Fig. 
15),  and  a  computer  simulation  of  the  spiral 
maneuver  based  on  MSP?  coefficients  (Taole 
1)  with  the  full-scale  data  (Fig.  12b). 
Obviously,  fchs  model  response  to  rudder  is 
significantly  slower  than  full  scale  (Fig. 

15) .  The  spiral  maneuver  correlation  (Fig. 
12b)  is  somewhat  better  than  with  SSPP 


-  783  • 


(Fig.  12a),  which  is  not  surprising  in  view 
of  the  suspected  overload  of  the  full-scale 
propeller.  However,  a  considerable  discrep¬ 
ancy  still  persists. 

In  a  further  attempt  to  reconcile  model 
with  full  scale,  the  following  corrections 
were  applied  to  the  SSPP  coefficients  of 
Table  5.  Firstly,  additional  tests  were  con¬ 
ducted  to  identify  the  true  propeller- 
induced  port/starboard  asymmetry,  which  a- 
rises  partly  from  forces  acting  directly  on 
the  propeller  blades  (side  force  and  thrust 
eccentricity  resulting  from  wake  nonuniform¬ 
ity)  and  partly  from  forces  induced  by  the 
propeller  on  the  hull  and  the  rudder.  De¬ 
pending  upon  the  delicate  balance  of  these 
forces,  the  first  three  of  which  genera  .a  a 
yawing  moment  to  starboard  and  the  last  to 
port,  a  single  screw  ship  might  turn  out  to 
be  starboard  prone  or  port  prone  [21,22] . 
Without  going  into  the  details  of  this  ques¬ 
tion,  which  is  worth  a  paper  by  itself,  let 
us  simply  note  that  we  discovered  what 
amounted  to  a  yaw  alignment  error  of  0.1°  in 
our  model  set-up,  leading  to  corrected  values 
lo  =+2.58*10"s,  3'0  =  -1.07xlo"5,  which  made  the 
model  slightly  port  prone  in  conformity  with 
the  full-size  ship.  Secondly,  we  estimated 
by  means  of  Eq.  (1-4)  that  at  the  recorded 
propeller  rate  of  76  RPM  the  ship  would  have 
had  an  effective  rudder  inflow  velocity 
squared  corresponding  to  e2  =  2.456  m2/s2  in 
the  model  versus  only  1.942  m2/s2  at  the 
nominal  SSPP,  see  Table  2.  In  order  to  simu¬ 
late  this  effect  we  multiplied  all  rudder 
angle  coefficients  in  Table  5  by  the  factor 
2.456/1.942  =  1.265.  Thirdly,  in  order  to 
simulate  the  possible  influence  of  the  sonar 
dome  fitted  to  the  full-size  ship  buc  not  to 
the  model,  we  estimated  the  effect  on  the 
drift  angle  coefficients  and  obtained  the 
modified  values: 

r  -  -1224.4*  K>-5  S'  =  -370.8  x  jo'5  (6) 

v  v 

When  these  three  corrections  v->re  applied  to 
the  SSPP  coefficient  set  of  Table  5,  the 
simulated  spiral  maneuver  (Fig.  12c)  and 
zigzag  maneuver  (Fig.  14)  naturally  showed 
improved  correlation  with  the  full-scale 
data.  The  second  continuous  r  -  6  cur  .e 
plotted  in  Fig.  12c  was  obtained  with  only 
the  first  two  corrections  applied.  It  shows 
that  the  sonar  dome  simulation  also  contri¬ 
buted  a  slight  increase  in  turning  capability, 
but  the  major  effect  was  that  due  to  pro¬ 
peller  loading. 

It  is  apparent  from  Table  2  that  at 
«  =  6.47  Hz  the  free-running  model  has  al¬ 
most  exactly  the  c2-value  estimated  for  the 
full-size  ship  at  76  RPH.  Hence,  as  a  final 
exercise,  the  spiral  maneuver  was  simulated 
also  with  the  indirectly  identified  coef¬ 
ficient  set  of  Table  3,  cf.  Section  2,  now 
with  end  without  correction  for  the  0.1° 
model  alignment  error  mentioned  above,  and 
compared  again  with  the  same  full-scale  data, 
see  Fig.  12d.  Moreover,  the  corresponding 
20°/20°  zigzag  maneuvers  were  compared 
directly  in  Fig.  16.  The  correlation  is  still 
imperfect,  but  significantly  better  than  in 


any  of  the  alternative  attempts. 

5.  CONCLUSIONS 

Four  years  ago,  we  hau  concluded  our 
introductory  CPMC  paper  [l]  with  the  thought: 
"The  task  ahead  is  to  find  a  judicious  com¬ 
bination  of  Modes  A  and  B  for  identifying  a 
general  mathematical  model  for  simulating 
arbitrary  ship  maneuvers  on  the  basis  of  a 
few  runs  with  a  physical  model  unter  the 
CPMC".  At  that  time  we  had  not  exactly  en¬ 
visioned  that  the  "judicious  combination  of 
Modes  A  and  B"  would  literally  turn  out  to 
be  free-running  model  maneuvers  executed  with 
controlled  towing  assistance  or  resistance. 
This  "mixed"  Mode  has  been  rendered  feasible 
by  the  unique  capacity  of  the  CPMC  to  follow 
a  freely  maneuvering  model  so  closely  in  the 
tracking  mode  that  uninitiated  observers  al¬ 
most  invariably  mistake  it  for  the  towing 
mode.  Our  study  of  the  MARINER  model  indicates 
that  the  easiest  way  of  beating  scale  effects 
in  maneuvering  tests  in  the  model  tank  is  by 
choosing  a  propeller  rate  of  revolutions 
which  best  generates  the  corresponding  esti¬ 
mated  rudder  inflow  velocity  of  the  full- 
scale.  This  rate  need  neither  coincide  with 
the  model  self-propulsion  point  nor  with  the 
ship  self-propulsion  point. 

However,  despite  all  reasonable  correc¬ 
tions  for  the  known  differences  between  model 
and  full-scale,  there  persists  a  small  resid¬ 
ual  discrepancy  between  the  turning  capabil¬ 
ity  of  the  full-size  MARINER  type  ship  and 
the  model  tank  predictions,  which  cannot 
simply  be  discarded  as  random  experimental 
scatter.  Apart  from  the  possibility  of  a 
systematic  measurement  error  in  the  full- 
scale  trials  [l] ,  the  multifarious  problem 
of  "scale  effects"  will  continue  to  claim 
the  attention  of  tankery  for  a  long  time  to 
come. 
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APPENDIX  A 


The  equations  of  motion  for  maneuvering  in  the  horizontal  plane 
may  be  written  in  the  following  form: 

m(u  -  vr  -  r2Xg)  *  X 

m(v  +  ur  +  r*G>  =  i 

I.  „  r  *  +  »)  ■  iV 

2Z  u 


The  hydrodynamic  forces  X,  X  and  moment  .¥  occurring  above  were 
identified  by  means  of  captive  model  tests  using  the  following  general 


expression  in  each  case: 
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The  symbol  &u  denotes  forward  speed  change  in  -  V  ) ; 
the  subscript  u  stands  for  A u. 
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APPENDIX  B 

The  equations  of  motion  used  for  indirect 
trajectory  analysis  (as  well  as  for  subsequent 


system  identification  by 
maneuver  simulation) : 
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+  dj  )i’2A«/u 

+  >112u62Am 

*Ai3uv 

+  A,,VAu 

14 

+  Ai5vAu2/ 

+  416W 

+  A^rAu 

+  /))gr>Au2/M 

+  A^vrAu/u 

+  A2Qu6Am 

+  y)21r6A« 

+  A22v2S 

+  A 23r26 

+  /124u26 

+  /i23u6Au 

+  ^e6^2 

+  A2yVzr/u 

+  A2£)V2lu 

+  /l2guu62 

+  ^o^62 

+  ^3!v3/“ 

+  V*7" 

+  /l^u2.)3 

+  /134u25- 

BjU2 

+  B^uAu 

+  BjuV 

+  s4u2 

+  B5v3/u 

+  BfVT2 /u 

+  ByUV62 

+  BqVAm 

+  ByVtiU2/U 

*B\&* 

+B,.r2 

+  Bj2r»3/u 

+  B13u2r/u 

+  s,4«2'62 

+  B^rAu 

+  B^pAu2/u 

+  S j  ^m26 

+  S,8“262 

+  S,9u263 

+  B20V*6 

+  *2.^ 

+  B22«6Au 

+  b23aa«2 

+  B24ur6 

+  B2gt<u6 

+  B2(v6hu 

+  B^urS 

+  B2gi’6Au 

+  V 

+  B.QvrAulu 

+  B3IW|UI 

*  ®32r’lrl 

+  B33V*r! 

+  V|w! 

+  B35u5/u3 

+  B36i*5/m3 

+  S37u26‘' 

+  B38“2fiS 

+  B3gu62Au 

+  B/Qu63Au 

+  B41u6|t)| 

+  B42m6|i*| 

C,«2 

+  C2«Au 

+  C3UV 

+  C4U2 

+  C^v2 lu 

+  CfV?2/u 

+  CjUvS2 

+  CgvAu 

+  CguAu2/u 

+  ^10«r 

+  Cnr2 

+  C]2r3/« 

+  C^v2p/u 

+  <7]4«r62 

+  CigrAu 

+  Cj6rAu2/u 

+  C)7«26 

+  C|8“262 

+  C,9u263 

+  ^o"26 

+  C2,r26 

+  C^uSAu 

+  C236Au2 

+  C^vrS 

+  C23uv6 

+  C2(v&Au 

+  C2?ur6 

+  C2gr6A« 

+  C29W 

+  C^vrAu/u 

+  c3|»|u| 

+  C32r|r| 

+  C33U'1’I 

+  c34Hv| 

+  Ss^3 

+  C36r5/“3 

+  C37“264 

+  C38“2,SS 

+  C3gu62Au 

+  ^o"63^ 

+  C4,«6|u| 

+  C42«6|r| 

The  above  equations  are  obtained  by  solving  the  general  equations 
of  motion  (Appendix  A)  explicitly  for  u,  v  and  r.  However,  not  all  the 
terms  resulting  from  the  general  expressions  for  F  have  been  retained, 
but  only  a  significant  subset  based  on  judicious  choice  and  experience. 

The  "acceleration"  coefficients  occurring  here  are  related  to  the 
"force"  coefficients  of  Appendix  A  by  simple  transformations  such  as 

Al  -  V(w  - 

Bl  =  {(Ias  -  *i>*o  -  ‘  W  '  {(m"  rS>  {Izz  “  V  ~  {mX0  ~  V  (m*G  *  7r)} 

Cl  -  (On  -  tyN0  -  (mxG  -  N^Yq)  /  { On  -  *•>  dz2  -  #•>  -  («G  -  #•)  (m*G  -  *•)} 


Table  1 


Hydrodynamic  coefficients  of  the  MARINER  model  at 
a  propeller  rate  of  revolutions  corresponding  to 
the  selfpropulsion  point  of  the  model  (n  =  6.09  Hz) 


A’  - 

Equation 

y- 

Equation 

N  - 

Equation 

Sub- 

Non-dim. 

Sub- 

Non-dim. 

Sub- 

Non-dim. 

script 

value 

script 

value 

script 

value 

* 

u 

-21.44 

v 

-748.87 

• 

V 

7.82 

vvv 

-4107.03 

vvv 

84.94 

r 

-14.37 

r 

-44.43 

rrr 

-130.36 

rrr 

21 .09 

u 

-276.08 

0 

-2.03 

o 

0.81 

uu 

0.0 

0  u 

-20.81 

ou 

6.48 

uuu 

-221.03 

V 

-22.04 

V 

-1159.27 

V 

-346.67 

vv 

-465.77 

vv 

0.0 

vv 

0.0 

vvv 

-9504.01 

vvv 

0.0 

0.0 

uM 

168.73 

vu 

205.26 

vu 

-106.76 

VU 

0.0 

vvu 

0.0 

VVU 

-361.44 

vvu 

0.0 

VVVU 

-2276.50 

VVVU 

0.0 

VVVU 

-3549.49 

r 

27.97 

r 

352.90 

r 

-208.33 

rr 

-43.27 

rr 

0.0 

rr 

0.0 

rrr 

-19.16 

rrr 

74.41 

rrr 

-113.40 

r|r| 

178.96 

r  M 

-48.50 

ru 

-38.89 

ru 

-140.57 

ru 

-13.57 

rru 

-36.21 

rru 

0.0 

rru 

15.21 

rrru 

0.0 

rrru 

180.62 

rrru 

0.0 

6 

5.42 

6 

264.04 

6 

-128.24 

66 

-142.04 

66 

67.54 

66 

-23.61 

666 

0.0 

666 

-686.89 

666 

340.12 

6666 

95.76 

6666 

-131.77 

6666 

44.11 

66666 

410.57 

66666 

-201.45 

6|6| 

198.43 

6|6| 

-100.08 

6u 

0.0 

6u 

-371.12 

6u 

199.79 

Suu 

229.64 

6uu 

0.0 

Suu 

40.86 

SSu 

194.44 

&&U 

-54.44 

SSu 

36.19 

SSSu 

140.81 

666u 

587.17 

SSSu 

-273.73 

vr 

230.49 

vr 

0.0 

vr 

0.0 

vvvr 

813.15 

vvvr 

0.0 

vrr 

-2214.32 

vrr 

387.05 

v|r| 

-618.32 

0.0 

Ivjr 

-67.49 

Mr 

644.35 

Mr 

-719.96 

v6 

101.37 

v6 

55.91 

v6 

-29.61 

v66 

149.01 

vSS 

0.0 

w  1 6 1 

-15.83 

u  I  6  | 

0.0 

u|6| 

34.99 

M|  6 

206.58 

|y[6 

-106.64 

r6 

-48.51 

r6 

0.0 

r6 

0.0 

- 

r66 

0.0 

r66 

130.04 

r|6| 

-103.10 

r  |  6  | 

-38.13 

1  r  1  6 

84.55 

[r|6 

-47.13 

All  values  have  to  be  multiplied  by  10*51 

All  numerical  values  are  given  above  in  a  uniform  fixed-point  format  for 
the  convenience  of  any  reader  who  might  wish  to  duplicate  our  experiments 
or  computations,  but  it  is  in  no  way  implied  that  the  numbers  are  statisti¬ 
cally  significant  up  to  the  last  digit!  The  same  applies  to  the  subsequent 
tables. 


Table  2 


Calculated  effective  rudder  advance  velocity  a  as  a  function 
of  propeller  rate  of  revolutions  n  and  wake  fraction  u 


wake 

Measured  model 
fraction  ^ =  0. 

25 

Extrapolated  full-scale 
wake  fraction  =  0.20 

fd 

n 

J 

*T 

QZ 

c 

n 

J 

kt 

c2 

Q 

N 

Hz 

1 

1 

m2/s2 

m/s 

HZ 

1 

1 

m2/s2 

m/s 

13.73 

5.30 

0.815 

0.141 

1.835 

1.355 

5.30 

0.869 

0.115 

1.929 

1.389 

11.77 

5.42 

0.797 

0.151 

1.894 

1.376 

5.42 

0.850 

0.122 

1.973 

1 .405 

8.34 

5.51 

0.784 

0.159 

1.942 

1.394 

5.51 

0.836 

0.129 

2.014 

1.419 

3.92 

5.88 

0.734 

0.184 

2.131 

1.460 

5.88 

0.783 

0.158 

2.206 

1.485 

0.0 

6.C9 

0.709 

0.197 

2.247 

1.499 

6.09 

0.756 

0.171 

2.314 

1.521 

-3.92 

6.32 

0.683 

0.210 

2.380 

1.543 

6.32 

0.729 

0.186 

2.448 

1.565 

in 

00 

r-» 

f 

6.47 

0.667 

0.217 

2.465 

1.570 

6.47 

0.712 

0.194 

2.533 

1.592 

-11.77 

6.65 

0.649 

0.226 

2.576 

1.605 

6.65 

0.693 

0.205 

2.649 

1.628 

Table  3 


Hydrodynamic  coefficients  of  the  MARINER  model  obtained  by  in¬ 
direct  system  identification  at  a  propeller  rate  of  revolutions 
of  n  =  6.47  Hz  together  with  a  towing  force  of  =  -7.85  N 


u  -  Equation 

Term  Coef.  Value 

Unit 

Term 

v  -  Equation 

Coef.  Value 

Unit 

Term 

r>  -  Equation 

Coef.  Value 

Unit 

uAu  AJ 

-0.0580 

1/m 

u  2 

*1 

-0.0011 

1/m 

u2 

cl 

0.0007 

1/m2 

An2  A2 

-0.0516 

1/m 

uv 

B.. 

-0.1057 

1/m 

uv 

C3 

-0.0789 

1/m2 

ku3/u  Aj 

-0.1583 

1/m 

v~ 

\ 

-0.0282 

1/m 

vr2  lu 

B(s 

20.9040 

1 

v2  a4 

-0.7505 

1/m 

uv  S  2 

B7 

0.0983 

1/m 

UP 

c\o 

-0.2607 

1/m 

r2  Aj 

-0.6390 

m 

UP 

B,0 

-0.2998 

1 

r2 

C1 1 

-0.4819 

1 

m262  A6 

-0.0232 

1/m 

r2 

*11 

0.9198 

m 

u26 

B17 

-0.0342 

1/m2 

u62Au  A|2 

0.0379 

1/m 

r3  lu 

B12 

39.1629 

ip2 

u2  6 3 

C19 

0.0233 

1/m2 

UV  *13 

-0.0309 

1/m 

uz6 

B17 

0.0296 

1/m 

v2S 

*20 

-0.5620 

1/m2 

v2s  a22 

0.2838 

1/m 

w  2  6  2 

B18 

0.0040 

1/m 

uShu 

*22 

0.0344 

1/m2 

v2r/u  A?7 

-10.7699 

1 

u2  6 3 

B19 

-0.0225 

1/m 

i>6Aw 

*26 

-0.4142 

1/m2 

vr2lu  A ^ 

-20.3132 

m 

r2  6 

B21 

0.4441 

m 

rSAu 

*28 

-0.9780 

1/m 

U&&U 

B22 

-0.0423 

1/m 

vrAulu 

C30 

-0.3966 

1/m 

uv6 

B25 

-0.0359 

1/m 

u|  V| 

*3 1 

0.5587 

1/m2 

v|ui 

S31 

-0.6348 

1/m 

I’M 

*32 

0.3643 

1 

Vs  /u3 

*35 

-48.4074 

1/m2 

u62Aw 

*39 

-0.0416 

1/m2 

Table  4 


Selected  characteristics  of  a  series  of  zig-zag  maneuvers 
conducted  at  systematically  varied  propeller  loadings 


Maneu- 

Fn 

T 

T. 

T 

T 

cu. 

• 

tit  * 

u 

T 

ver 

D 

a 

b 

C 

r 

01 

02 

min 

^omax 

N 

s 

S 

S 

s 

deg 

deg 

deg/s 

m 

s 

2°°/ 

13.73 

8.45 

5.05 

11.40 

24.90 

10.44 

10.  ,8 

-3.60 

9.73 

44.90 

20° 

11.77 

8.20 

4.90 

11.65 

24.75 

10.91 

10.44 

-3.60 

9.86 

44.30 

Zig¬ 

zag 

8.34 

8.00 

4.90 

11.05 

23.95 

10.37 

10.62 

-3.62 

9.67 

44.25 

3.92 

7.95 

4.85 

10.90 

23.70 

10.94 

10.62 

-3.78 

9.46 

42.90 

0.0 

7.65 

4.60 

10.55 

22.80 

10.51 

10.84 

-3.80 

9.01 

41.95 

-3.92 

7.45 

4.65 

10.25 

22.35 

10.80 

11.34 

-3.92 

9.18 

41.65 

-7.85 

7.20 

4.55 

9.90 

21.65 

11.09 

11.23 

-3.95 

8.96 

40.55 

-11.77 

7.15 

4.40 

9.85 

21.40 

10.80 

11.40 

-4.03 

8.71 

40.20 

30°/ 

13.73 

4.85 

5.40 

7.75 

18.00 

13.82 

14.11 

-4.16 

5.48 

32.35 

10° 

11.77 

4.95 

5.30 

7.85 

18.10 

14.04 

14.65 

-4.25 

5.54 

32.45 

Zig¬ 

zag 

8.34 

5.00 

5.25 

7.60 

17.85 

13.76 

14.73 

-4.30 

5.32 

32.35 

3.92 

4.80 

5.20 

7.55 

17.55 

14.36 

15.05 

-4.51 

5.50 

31.05 

0.0 

4.80 

5.10 

7.15 

17.05 

14.18 

15.44 

-4.60 

5.22 

30.70 

-3.92 

4.50 

5.35 

6.95 

16.80 

15.01 

15.80 

-4.71 

5.47 

30.25 

-7.85 

4.35 

5.20 

6.75 

16.30 

14.65 

15.95 

-4.83 

5.25 

29.80 

-11.77 

4.65 

5.10 

6.90 

16.65 

15.05 

16.02 

-4.93 

5.18 

29.50 

20°/ 

13.73 

5.40 

4.75 

8.40 

18.55 

9.86 

9.97 

-3.51 

4.89 

32.65 

10° 

11.77 

5.35 

4.75 

8.25 

18.35 

10.04 

10.08 

-3.58 

4.92 

32.15 

Zig¬ 

zag 

8.34 

5.35 

4.70 

8.00 

18.05 

9.81 

10.51 

-3.55 

4.73 

32.40 

3.92 

5.20 

4.75 

7.95 

17.90 

10.26 

10.80 

-3.65 

4.88 

32.05 

0.0 

5.05 

4.55 

7.60 

17.20 

9.99 

10.78 

-3.80 

4.57 

30.90 

-3.92 

4.60 

4.65 

7.30 

16.55 

10.40 

10.58 

-3.88 

4.74 

30.35 

-7.85 

4.40 

4.45 

6.95 

15.80 

10.04 

10.87 

-3.86 

4,55 

29.45 

-11.77 

4.85 

4.40 

7.00 

16.25 

9.94 

11.22 

-3.99 

4.34 

29.10 

10°/ 

13.73 

6.85 

6.00 

11.40 

24.25 

6.84 

6.19 

-2.46 

5.91 

40.75 

10° 

11.77 

6.45 

5.65 

11.00 

23.10 

6.44 

6.26 

-2.46 

5.72 

40.20 

Zig¬ 

zag 

8.34 

6.50 

5.00 

11.20 

22.70 

6.12 

6.70 

-2.62 

5.42 

39.60 

3.92 

6.45 

5.15 

11.00 

22.60 

6.77 

6.05 

-2.51 

5.57 

38.40 

0.0 

6.60 

4.75 

10.60 

21.95 

6.26 

5.98 

-2.55 

5.04 

36.95 

-3.92 

5.50 

5.50 

9.95 

21.00 

6.95 

5.98 

-2.56 

5.62 

36.60 

-7.85 

5.60 

4.90 

9.50 

20.00 

6.70 

5.76 

-2.62 

5.18 

35.75 

-11.77 

6.15 

4.45 

10.05 

20.65 

6.26 

6.30 

-2.69 

5.00 

35.80 

Table  5 


Hydrodynamic  coefficients  of  the  MARINER  model  at 
a  propeller  rate  of  revolutions  corresponding  to 
an  ideal  extrapolated  selfpropulsion  point  of  the 
full-size  ship  (n  =  5.51  Hz) 


X  - 

Equation 

Y  - 

Equation 

N  - 

Equation 

Sub- 

Non-dim. 

Sub- 

Non-dim. 

Sub- 

Non-dim. 

script 

value 

script 

value 

script 

value 

• 

u 

-24.08 

• 

V 

-776.72 

V 

5.66 

vvv 

-3791.23 

VVV 

0.0 

r 

-11.17 

r 

-40.96 

rrr 

-137.29 

rrr 

14.81 

u 

-222.92 

o 

2.10 

0 

2.56 

uu 

0.0 

0  u 

-16.70 

o  u 

1.90 

uuu 

-168.21 

V 

0.0 

V 

-1151.61 

V 

-355.52 

vv 

-417.88 

vv 

0.0 

vv 

0.0 

vvv 

-9063.77 

vvv 

0.0 

0.0 

vM 

234.03 

vu 

0.0 

VU 

0.0 

vu 

0.0 

vvu 

0.0 

vvu 

0.0 

vvu 

0.0 

vvvu 

0.0 

vvvu 

0.0 

vvvu 

0.0 

r 

22.16 

r 

352.63 

r 

-201.96 

rr 

-42.28 

rr 

0.0 

rr 

0.0 

rrr 

-15.90 

rrr 

100.79 

rrr 

-112.52 

**M 

158.80 

**  M 

-51.17 

ru 

0.0 

ru 

0.0 

ru 

0.0 

rru 

0.0 

rru 

0.0 

rru 

0.0 

rrru 

0.0 

rrru 

0.0 

rrru 

0.0 

6 

10.38 

6 

234.67 

6 

-116.16 

66 

-127.10 

66 

4.85 

66 

-1.00 

666 

0.0 

666 

-563.97 

666 

299.80 

6666 

69.05 

6666 

0.0 

6666 

0.0 

66666 

352.93 

66666 

-189.43 

6|6| 

164.91 

6|6j 

-86.26 

6u 

0.0 

6u 

-357.76 

6u 

158.60 

6uu 

0.0 

6  MM 

0.0 

6mm 

0.0 

66  u 

228.68 

66u 

-65.74 

66m 

61.84 

666m 

0.0 

666m 

549.33 

666m 

-190.54 

Vr 

230.49 

VV 

0.0 

vr 

0.0 

vvvr 

813.15 

vvvr 

0.0 

vrr 

-2214.32 

vrr 

387.05 

-618.32 

uM 

0.0 

|u|r 

-67.49 

Mr 

644.33 

Mr 

-719.96 

v6 

90.93 

i>6 

50.15 

v6 

-26.56 

t>66 

133.66 

v66 

0.0 

u|6| 

-14.20 

w  i  6  j 

0.0 

v|6i 

31.39 

|u|6 

185.30 

M  6 

-95.66 

2*6 

-43.51 

2*6 

0.0 

2*6 

0.0 

r66 

0.0 

r6  6 

116.65 

r|6i 

-92.48 

r  |  6 1 

-34.20 

|r|6 

75.84 

1  r  I  6 

-42.28 

All  values  have  to  be  multiplied  by  10'5! 


Table  6 


Re.’ative  sensitivity  of  yaw  rate  r  to  variation  of  individual  coefficients, 
based  on  simulated  turning  circles  with  maximum  rudder  angle  of  6  =  -30° 


Rank 

order 

Non-dim. 
coeff . 

Sensit. 
factor  S r 

P 

Rank 

order 

Non-dim. 

coeff. 

Sensit. 
factor  S 

r 

P 

Rank 

order 

Non-dim. 

coeff. 

Sensit. 
factor  Sp 

1 

V 

-0.5436 

31 

-0.0221 

60 

y|v!r 

-0.0079 

2 

h 

0.4616 

32 

N 

6666 

0.0220 

61 

0.0071 

3 

'Vv 

0.3403 

33 

xvv 

-0.0216 

62 

*6 

-0.0063 

4 

iV566 

-0.3167 

34 

^vvvu 

-0.0207 

63 

^6666 

-0.0056 

5 

X  r  I  o  1 

-0.2589 

35 

0.0205 

64 

A 

o 

0.0054 

6 

Xu 

0.2150 

36 

0.0198 

65 

xvvvu 

-0.0044 

7 

NSu 

0.2016 

37 

**\»\ 

0.0196 

66 

-0.0039 

8 

!  6  i 

0.1846 

38 

N66u 

-0.0194 

67 

you 

0.0035 

9 

y„ 

0.1091 

39 

0.0188 

68 

yv66 

-0.0033 

10 

X66 

-0.0889 

40 

liv\s\ 
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meter  p  (here  the  88  coefficients  listed  above)  is  defined  as  the  relative  cnange 
in  the  value  of  the  response  variable  (at  a  suitably  chosen  instant)  resulting  from 
a  given  change  of  the  parameter  value,  that  is 


S*  -  *2  I  *1  /  P2  -  Pi 
P  £  '  P  i 


where  x  is  an  appropriate  reference  value  of  the  response  variable  x 
see  Reference  [5J . 
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Fig.  8  Range  of  variables  occurring  in  the  maneuver  trajectories 
used  for  indirect  system  identification  leading  to  Table  3 
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simulations  based  on  alternative  sets  of  coefficients 
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ABSTRACT 

The  paper  covers  the  results  of  scale 
effect  Investigations  on  the  basis  of 
free -running  tanker  models.  It  also  deals 
with  the  results  of  captive  model  tests 
carried  out  on  the  rotating  arm  in  the 
Krylov  Institute  basin  presented  as  a  fun¬ 
ction  of  hydrodynamic  characteristics  of 
drift  angle,  radius  of  rotation,  speed  and 
rudder  angle.  The  analysis  of  the  data  ob¬ 
tained  leads  to  the  conclusion  that  the 
scale  effect  occurs  as  a  crisis  of  the 
flow  around  the  model's  hull.  It  is  caused 
by  the  trajectory  curvature  inherent  in 
the  manoeuvring  ship.  To  create  a  stable 
turbulent  boundary  layer  separation  it  is 
suggested  to  use  models  with  a and -rough¬ 
ened  surface.  The  paper  provides  data  on 
free-running  and  rotating -arm  Band -rough¬ 
ened  model  tests. 

MOMERCIATOBE 

I  -  length  of  shin 
B  -  beam  of  ship 

T  -  draught  of  ship 

W  -  displacement 
Ct.  -  block  coefficient 
D  -  propeller  diameter 
Ag  -  rudder  area 
V  -  speed  of  ship 
8n  -  rudder  angle 
-  drift  angle 
R  -  -  radius  ox  gyration 
S  ■  ▼  -  dimensionless  radius  of 
gyration 

r*  -  dimensionless  angular  velocity 
Y?  -  lateral  force  on  the  rudder 
7$  -  dimensionless  lateral  force 
on  the  rudder 


Y  -  dimensionless  lateral  force 
_  on  the  hull 
H  -  dimensionless  yawing  moment 
VL  on  the  hull 
Bn  «  -V*  -  Reynolds  number 

y 

hi  8  *  Proud e  number 

p  -  mass  density 

p  -  coefficient  of  kinematic  visco¬ 
sity 

1.  INTRODUCTIOH 

In  the  last  decade  scientists  have 
been  studying  the  scale  effect  in  full- 
bodied  ship  model  manoeuvring  tests  (Refs. 

1  through  5).  This  effect  is  observed  as  a 
considerable  discrepancy  in  turning  test 
data  for  small  and  large  free-running  mo¬ 
dels.  As  a  rule,  ship  steering  and  manoeu¬ 
vring  data  based  on  small  model  tests  are 
more  optimistic  than  those  obtained  with 
large  models. 

It  is  essential  to  predict  correctly 
manoeuvrability  characteristics  of  full- 
bodied  ships,  since  they  are  conductive  to 
safety  of  such  ships  at  sea.  It  appears  im¬ 
portant  to  study  the  causes  of  the  soale 
effect  and  methods  of  reducing  its  influ¬ 
ence  on  the  ship's  manoeuvrability. 

The  above-mentioned  papers  review  ma¬ 
noeuvrability  test  data  for  ship  aodels  of 
various  si2es  as  well  as  for  full-scale 
ships  and  provide  conclusive  evidence  of 
the  scale  effect  at  different  rudder  angles. 
The  following  assumptions  of  the  causes  of 
the  scale  effect  have  been  put  forward: 

(1)  differences  in  the  flow  around  models 
of  different  sizes  and  full-scale  ships 
make  the  forces  applied  to  the  hull  and 
the  rudder  a  function  of  the  model's 
size; 
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(1) 


(2)  relatively  greater  forces  on  the  rud¬ 
der  behind  the  propeller  of  smaller 
models  (compared  to  those  normally  ob¬ 
tained  by  the  scaling  law)  resulting 
from  relatively  higher  velocities  in¬ 
duced  by  their  propellers  account  for 
excessive  course  stability  of  small 
models = 

The  published  studies  deal  with  some 
methods  of  reducing  the  scale  effect,  nam¬ 
ely,  the  use  of  various  fins  on  models  to 
obtain  at  the  stern  a  flow  similar  to  that 
of  a  full-scale  ship  and,  mainly,  the  use 
of  large  models  up  to  30  m  in  length. 

Evidence  of  the  scale  effect  was  also 
obtained  during  model  tests  in  the  Krylov 
Institute  basin  when  comparison  was  made 
between  the  turning  test  data  for  2  m 
and  5-7  m  long  models.  In  a  number  of  cas¬ 
es  the  comparison  revealed  a  substantial 
discrepancy  in  values  of  dimensionless  an¬ 
gular  velocity  at  small  rudder  angles. 

The  point  of  this  paper  is  to  study 
causes  of  the  scale  effect  which  is  made 
evident  by  full-bodied  model  tests  carried 
out  to  estimate  the  steering  capability  of 
full-scale  ships.  So  the  emphasis  is  made 
on  the  specificity  of  the  turning  test  da¬ 
ta  at  small  rudder  angles  in  the  so-called 
hysteresis  loop. 

2.  TEST  OBJECTS  AND  PROCEDURES 


The  objects  of  the  investigations 
were  tanker  models  whose  hull  lines  are 
shown  in  Fig.  1 ,  and  schematic  models  with 
stern  shapes  that  differ  from  those  shown 
in  Fig.  1  by  a  greater  volume  of  the  dead- 
wood  as  shown  in  Fig.  2.  To  obtain  turning 
curves,  i.e.  the  relationship  between  di¬ 
mensionless  angular  velocity  at  a  steady 
ship  circulation  and  the  rudder  angle, 
the  authors  of  this  paper  tested  self-pro¬ 
pelled  models  in  the  Ki^lov  Institute  ba¬ 
sin.  The  geometry  of  these  models  corres¬ 
ponded  to  the  following  characteristics 
of  the  ship: 
length 
beam 
draught 
displacement 
block  coefficient 
propeller  diameter 
rudder  area  -  An-  24.5  m* 

Steady  circulation  parameters  were 
estimated  by  recording  the  model's  trajec¬ 
tory  in  the  "spiral"  test  and  by  recording 
the  value  of  the  rudder  angle  in  the  "re¬ 
versed  spiral"  test.  In  the  former  case 
throughout  the  experiment  the  propeller 
speed  was  maintained  constant  assuring  a 
set  speed  of  the  model  on  the  straight 
course.  In  the  "reversed  spiral"  tests, 
as  well  as  in  all  captive  model  tests  of 
the  hull-propeller-rudder  complex,  the 
speed  in  circulation  varied  with  the  ra¬ 
dius.  The  value  of  the  speed  was  defined 
by  the  empirical  formula: 


1  - 
B  - 

T  - 
W  - 

cB- 

DB- 


170  m 
25.3  m 
9.5  m 

31,000  ton 
0.75 
6  m 


where  V  is  the  speed  on  the  straight 
course. 

The  above  procedure  was  applied  for 
testing  four  geosim  tanker  models  2,  4,  6 
and  8  m  long  (Fig.  1).  The  test  data  are 
shown  in  Fig.  3,  and  it  may  be  seen  that 
the  test  points  corresponding  to  4,  6  and 
8  m  models  lie  on  the  same  curve  with  the 
width  of  the  hysteresis  loop  about  10°, 
while  the  curve  with  the  hysteresis  loop 
less  than  5°  wide  corresponds  to  the  model 
2  m  long.  The  data  obtained  prove  that  in 
this  case  as  the  length  of  the  model  is  in¬ 
creased  from  2  m  to  4  m  there  occults  a  con¬ 
siderable  change  in  the  turning  curve, 
whereas  with  a  further  increase  of  the 
length  up  to  8  m  no  noticeable  changes  in 
the  curve  are  observed.  Such  an  "abrupt" 
change  in  the  turning  curve  with  a  gradual 
increase  in  the  length  of  the  models  had 
been  described  earlier  (Ref.  1). 

Further  studies  of  the  scale  effect 
were  made  with  tanker  models  having  their 
stern  shapes  modified  as  shown  in  Fig.  2, 
with  the  view  to  obtain  a  turning  curve 
with  a  wider  hysteresis  loop.  It  was  assu¬ 
med  that  a  larger  difference  between  test 
data  for  small  and  large  models  would  help 
find  the  causes  of  the  scale  effect.  The 
assumption  has  been  found  to  be  true,  as 
seen  from  the  results  (shown  in  Fig.  4) 
of  test b  with  2  and  6  m  long  models  made 
in  accordance  with  Fig.  2.  Here  the  hyste¬ 
resis  loop  of  the  small  model  is  about  10°, 
and  that  of  the  large  model  exceeds  20°. 

Searching  for  causes  of  the  scale  ef¬ 
fect  the  authors  undertook  model  tests  on 
the  rotating  arm  in  the  circular  basin  of 
the  Krylov  Institute  which  provided  data 
on  the  forces  applied  to  the  rudder  and 
the  hull  of  small  and  large  models  towed 
on  circular  trajectories. 

3.  DYNAMOMETRIC  TEST  DATA  AMD  F/POTHESIS 
OF  THE  CAUSE  OF  THE  SCAIE  EFFECT 


Tt :  geosim  models  2  and  6  m  long  with 
schematic  hull  lines  (Fig.  2)  were  tested 
in  the  circular  basin.  The  models  were 
equipped  with  a  propulsion  device  which 
assured  a  smooth  change  in  the  propeller 
speed,  as  well  as  with  two  dynamometers 
for  measuring  forces  and  moments  applied 
to  the  hull  and  the  rudder.  The  test  pro¬ 
gram  included  measurements  of  the  full  la¬ 
teral  force  and  its  moment  applied  to  the 
hull  of  the  self-propelled  model  with  the 
propeller  operating  in  the  steady  circula¬ 
tion  mode  and  recording  of  the  lateral 
force  on  the  rudder  and  the  lateral  force 
and  its  moment  on  the  naked  hull  of  the 
model.  As  for  the  signs  of  the  forces, 
the  positive  sign  was  given  to  the  lateral 
force  directed  to  the  center  of  circula¬ 
tion  and  to  the  moment  turning  the  model 


to  the  center  of  circulation.  The  moment 
was  measured  with  respect  to  the  center  of 
the  model.  All  the  measured  values  were 
converted  to  dimensionless  form  by  being 
divided  by  the  values  of  dynamic  pressure, 
length  and  draught  of  the  model  according 
to  the  following  formulas: 


V  1= 

Y 

(2) 

0.5pV2LT 

N  = 

N 

(3) 

o.5pv^i£r 

The 

data  obtained 

from  measurements 

of  the  lateral  force  on  the  rudders  of  the 
small  and  large  self-propelled  models  are 
shown  in  Pig.  5  and  present  the  lateral 
force  versus  the  rudder  angle  and  the  re¬ 
lative  turning  radius.  The  drift  angle  and 
the  propeller  speed  correspond  to  the  val¬ 
ues  of  these  parameters  at  a  steady  turn¬ 
ing.  Pig.  5  shows  that  the  scale  effect 
develops  at  rudder  angles  exceeding^  0° . 

In  the  range  of  rudder  angles  -10t^0j£+10o 
embracing  the  zone  of  the  hysteresis  loop 
the  values  of  the  forces  on  the  rudders 
of  the  two  models  are  practically  identi¬ 
cal  (in  dimensionless  form).  In  this  case 
it  was  possible  to  rule  out  the  force  on 
the  rudders  as  a  cause  of  the  scale  effect 
in  the  zone  of  the  hysteresis  loop. 

The  results  of  measurements  on  the 
naked  model  hulls  are  shown  in  Pigs.  6  and 
7  and  present  the  full  lateral  force  and 
its  moment  versus  the  drift  angle  and  the 
relative  radius  of  trajectory  curvature. 
The  full  lateral  force  on  the  naked  hull 
is  the  algebraic  sum  of  hydrodynamic  and 
centrifugal  forces  affecting  the  towed 
model.  Here  of  specific  interest  is  the 
run  of  curvatures  obtained  for  ihe  small 
model.  The  lateral  force  on  the  hull  is 
generally  assumed  to  change  monotonically 
as  K  increases  and  to  approach  asymptotic¬ 
ally  the  meaning  corresponding  to  E  »  00 
In  the  figures  shown  here  such  pattern  of 
curvature  is  observed  only  with  the  large 
model.  The  curvatures  obtained  from  the 
results  of  the  small  model  teats  are  cha¬ 
racterized  by  extrema  which  suggest  occur¬ 
rence  of  an  unsteady  breakdown  of  the  flan 
around  the  model's  hull. 

The  study  of  the  influence  of  the 
Reynolds  number  on  hydrodynamic  perform¬ 
ance  of  the  naked  hull  was  carried  out  on 
the  above-mentioned  geosim  tanker  models. 

Rn  ranged  from  10®  to  10  •  The  Proude  num¬ 
ber  was  kept  constant  at  0.217.  The  test 
data  are  given  in  Pigs.  8  and  9-  The  dia¬ 
grams  make  it  clear  that  the  shape  of  the 
curvatures  obtained  corresponds  to  the  re¬ 
lationships  typical  of  the  unsteady  boun¬ 
dary  layer  separation  (Refs.  6,  7).  Of  the 
two  groups  of  curvatures  those  of  the 
lateral  force  exhibit  the  greater  influe¬ 
nce  of  the  Reynolds  number.  Turning  leads 
to  some  differences  in  these  relationships 
as  compared  to  those  obtained  in  transla¬ 
tional  movement  tests.  Because  of  turning, 


crisis  phenomena  are  observed  even  at  zero 
drift  angle,  whereas  in  translational  move¬ 
ment  the  crisis  appears  only  at  drift  ang¬ 
les  larger  than  40°.  In  addition,  as  the 
drift  angle  increases  turning  shifts  the 
location  of  the  extrema  of  the  relation¬ 
ships  Y  (Rn)  towards  lower  values  of  (Rn), 
while  in  translational  movement  the  locat¬ 
ion  of  these  extrema  does  not  practically 
depend  on  the  drift  angle. 

The  test  data  on  the  lateral  force 
and  the  moment  applied  to  the  hull  of  self- 
propelled  models  with  an  operating  propel¬ 
ler  are  shown  in  Pigs.  10  and  11*  The  rud¬ 
der  angle  is  zero.  The  variables  are  the 
radius  of  the  trajectory  curvature  and  the 
drift  angle.  Here  again  there  is  evidence 
of  the  validity  of  lateral  force  relation¬ 
ships  obtained  for  the  small  model.  The 
pattern  of  these  curvatures  which  resemble 
the  ones  noted  in  the  description  of  the 
naked  hull  test  data  makes  it  possible  to 
affirm  that  the  unsteady  breakdown  of  the 
flow  around  the  hull  of  a  small  model  takes 
rise  even  with  the  propeller  in  operation. 

A  study  of  the  hydrodynamic  characte¬ 
ristics  obtained  for  self-propelled  models 
and  their  hull  has  outlined  the  region 
where  the  breakdown  of  the  flow  occurs. 

The  experimental  data  given  in  this  paper 
provide  sufficient  evidence  showing  that 
the  region  is  located  somewhere  near  the 
midstation  section  rather  than  at  the  stem 
counter  as  has  been  assumed  so  far.  This 
can  he  proved  by  the  fact  that  crisis  phe¬ 
nomena  are  revealed  mainly  in  lateral  force 
relationships  and  have  virtually  no  effect 
on  curvatures  of  the  hydrodynamic  moment. 

Thus  the  analysis  of  the  data  obtained 
in  these  tests  proves  the  unsteady  break¬ 
down  of  the  flow  around  the  hull  of  a  model 
to  he  the  cause  of  the  scale  effect. 

4.  TEST  DATA  FOR  SAND-ROUGHENED  SURFACE 

Hasm - 

The  authors  of  the  paper  have  made  an 
attempt  at  stabilizing  the  breakdown  of  the 
flow  near  the  hull  of  a  model  through  arti¬ 
ficial  turbulization  of  the  flow.  Use  was 
made  of  a  turbulization  method  convenient 
for  model  tests  with  variable  drift  angles. 
This  method  had  been  developed  by  members 
of  the  Krylov  Institute  for  wind  tunnel 
model  tests  (Ref.  7)  and  consists  in  apply¬ 
ing  an  artificial  roughened  layer  to  the 
surface  of  the  model. 

After  the  surface  of  the  small  model 
was  given  a  sand-roughened  layer  with  an 
average  size  of  grain  of  about  1.5  m  the 
model  was  tested  again  according  to  the 
procedure  described  above.  The  resulting 
test  data  are  shown  in  Figs.  4,  9,  10  to¬ 
gether  with  the  data  for  smooth  hull  models. 
A  comparison  of  the  two  sets  of  data  indi¬ 
cates  that  the  characteristics  of  the  small 
model  with  the  sand-roughened  surface  are 
substantially  different  from  those  for  the 
same  model  before  application  of  the  sand- 
roughened  layer  and  that  they  are  virtually 
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identical  with  the  characteristics  of  the 
large  smooth  model.  This  hold  true  both  for 
the  turning  curve  and  the  hydrodynamic  per¬ 
formance  of  the  hull  of  the  self-propelled 
model  and  the  naked  hull.  The  value  of  the 
lateral  force  on  the  rudder  at  small  angles 
practically  did  not  change  (Pig.  5). 

This  flow  turbulization  method  was 
checked  on  other  models,  in  particular ,  on 
the  besio  tanker  model  (Pig.  1).  The  test 
data  for  2  m  sand-roughened  surface  tanker 
model  are  shown  in  Pigs.  3,  6,  7  and  demon¬ 
strate  a  perfect  agreement  with  those  for 
large  smooth  models. 

The  sand-roughened  small  model  was 
also  used  in  and  additional  experiment 
aimed  at  substantiating  the  assumption  that 
the  zone  of  the  boundary  layer  breakdown 
affecting  the  manoeuvrability  performance 
lies  in  the  region  of  the  bilge  along  the 
parallel  middlebody.  With  this  end  in  view 
the  zone  along  the  port  side  of  the  model 
was  cleaned  of  sand  and  made  smooth  again. 
The  turning  curve  obtained  for  such  a  model 
is  shown  in  Pig.  12.  The  dotted  lines  are 
the  turning  curves  of  smooth  models.  It  is 
obvious  that  the  curves  for  the  starboard 
and  port  side  turnings  differ  considerably. 
In  the  port  side  turning  test  when  the  zone 
external  to  the  center  of  circulation  was 
smooth  the  turning  curve  for  the  sand- 
roughened  surface  model  practically  coin¬ 
cided  with  that  for  the  small  smooth  model. 
During  the  starboard  turning  tests  when  the 
bilge  of  the  external  side  was  roughened 
the  curve  for  the  small  model  with  the  saad- 
roughened  surface  was  identical  to  that  for 
the  large  smooth  model.  The  data  obtained 
in  the  additional  experiment  make  it  poss¬ 
ible  to  assert  that  the  zone  of  breakdown 
of  the  unsteady  flow  lies  in  the  region  of 
the  bilge  of  the  side  external  to  the  cen¬ 
ter  of  circulation. 

5.  CONCLUSIONS 


The  cauee  of  the  scale  effect  in  turn¬ 
ing  model  tests  of  full-bodied  ships 
is  a  change  in  the  hydrodynamic  force 
on  the  hull  of  the  model  which  takes 
rise  as  the  size  of  the  model  is 
varied.  The  change  has  a  crisis  nat¬ 
ure  characteristic  of  unsteady  break¬ 
down  of  the  flow. 

Of  decisive  importance  for  the  occur¬ 
rence  of  the  unsteady  breakdown  of 
the  flow  during  manoeuvrability  tests 
is  the  circulation  of  the  model. 

The  zone  of  the  flow  breakdown  lies 
in  the  region  of  the  bilge  of  the 
side  external  to  the  center  of  circu¬ 
lation. 

Use  of  models  with  sand-roughened  sir- 
face  ie  an  effective  method  of  stabi¬ 
lizing  the  flow  breakdown  around  the 
model.  It  helps  prevent  the  scale  ef¬ 
fect  when  small  models  are  used  to 
estimate  the  manoeuvrability  of  full- 
bodied  ships. 
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Fig.  4  -  Comparison  of  Turning  Curves 
of  Models  with  an  Increased  Width  of 
Deadwood 


o  large  Model 


Pig.  5  -  Comparison  of  lateral  Forces 
on  Models'  Rudders  (Starboard  Circulation) 
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Pig.  6  -  Full  Lateral  Force  on  Model ‘ s  Na 
Hull 
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Fig.  7  -  Moment  on  Model’ s  Naked  Hull 


Fig.  11  -  Mooent  on  Self-Propelled 
Model's  Hall  (Starboard  Circulation) 


Fig.  10  -  Full  lateral  Force  on  Self- 
Propelled  Model's  Bull  (Starboard 
Circulation) 


Discussion 


M.  Fujino(U«v  Ot  Tokyo) 

The  authors  should  be  congratulated 
for  presenting  the  very  interesting  results 
of  experiments  the  purpose  of  which  is  to 
enable  one  to  predict  the  manoeuvring  char¬ 
acteristics  of  a  full-scale  ship  from  the 
results  of  test  with  a  small  model.  Out  of 
many  illustrations,  I  am  interested  in 
figures  6,7,10,  and  11  which  show  the  hydro- 
dynamic  force  and  moment  on  the  naked  and 
the  self-propelled  models.  The  hydrodynamic 
lateral  force,  for  example,  on  the  self- 
propelled  model  is  considered  as  the  alge¬ 
braic  sum  of  three  dominant  components;  the 
hydrodynamic  lateral  force  on  the  naked 
hull,  the  lateral  force  on  the  rudder  be¬ 
hind  the  main  hull  and  the  propeller,  and 
the  hydrodynamic  lateral  force  on  the  main 
hull  induced  by  the  presence  of  rudder. 
Needless  to  say,  most  part  of  the  hydro- 
dynamic  lateral  force  on  the  self-propelled 
model  is  the  hydrodynamic  force  on  the  naked 
hull  as  clearly  understood  by  comparing  the 
lateral  force  of  the  large  model  shown  in 
Fig. 6  with  that  shown  in  Fig. 10. 

On  the  contrary,  comparing  the  lateral 
force  on  the  small  smooth  model  shown  in 
Fig. 6  with  that  shown  in  Fig. 10,  it  is 
found  that  the  hydrodynamic  .Lateral  force 
on  the  small  smooth  model  remarkably  dif¬ 
fers  from  each  other  qualitatively  as  well 
as  quantitatively  according  to  whether  the 
model  is  naked  or  self-propelled.  What  is 
the  cause  of  this  great  discrepancy  ? 
Moreover,  1  wish  to  know  how  the  presence 
of  the  rudder  and  the  propeller  affects 
the  flow  pattern,  especially  the  breakdown 
phenomenon  of  the  flow,  around  the  main 
hull  because  the  model  of  2  m  in  length  is 
one  of  the  standard  model  sizes  of  our  sea¬ 
keeping  and  manoeuvring  basin  of  University 
c£  Tokyo. 


K.  NomotO  fOs«a  untr ) 


I  would  like  to  congratulate  the  au¬ 
thors  for  their  most  interesting  finding  on 
manoeuvrability  scale  effect. 

At  the  sametime  there  are  many  data 
indicating  that  the  different  rudder  effec¬ 
tiveness  between  moaels  and  actual  ships  is 
a  substantial  source  of  manoeuvrability 
scale  effect.  For  single-screw  ships,  model 
rudder  is  normally  more  effective  than 
ship's  because  of  stronger  propeller  slip 
stream.  This  effect  is  sometimes  cancelled 
by  heavy  wake  of  full-bodied  models,  however. 

In  this  connexion  I  would  like  to  ask 
a  question-  Do  the  authors  consider  their 
roughened  model  technique  useful  also  for 
fine  hull  forms,  for  example,  destroyers 
and  container  ships  ? 


H .  T  amai  (Ak  v  m  Step  Mocei  Sas.-nj 


By  using  sand-roughened  surface  models, 
the  authors  have  shown  the  favorable  results 
as  for  the  scale  effect.  I  would  like  to 
congratulate  the  authors  for  their  interest¬ 
ing  work. 

In  the  present  case,  the  average  grain 
size  for  surface-roughening  was  described 
to  be  ab'c.  1.5mm,  1  would  like  to  know  how 
to  determine  the  grain  size. 

The  send- roughened  surface  would  in¬ 
crease  the  propeller  slip  ratio  in  a  free 
running  model  and  result  in  the  relatively 
larger  rudder  force  in  comparing  with  that 
of  large  smooth  models.  That  may  cause 
some  unfavorable  effect  on  the  stability 
index  (T)  derived  from  the  dynamic  model 
test  like  the  2ig-zag  test.  From  this  view 
point,  I  suppose  that  the  ares  for  sand- 
roughening  should  be  limited  only  to  the 
necessary  zone. 

In  manoeuvrability  tests  by  models  of 
blunt  hull  form,  abnormally  stable  charac¬ 
teristics  are  sometimes  obtained.  Previous¬ 
ly,  Prof.  Nomoto  confirmed,  by  flow  survey, 
the  unusual  flow  like  separation  of  boun¬ 
dary  layer  at  the  stern  of  the  outside  of 
turning  circle  and  explained  that  this  un¬ 
usual  flow  pattern  is  the  cause  of  the  ab¬ 
normally  stable  characteristics  (11th  ITTC) . 
The  unsteady  flow,  described  as  the  cause 
of  the  scale  effect,  in  the  present  paper 
and  the  flow  survey  result  by  Prof.  Nomoto 
seem  to  have  a  common  feature  except  for 
their  occurrence  zone.  I  feel  deco  interest 
in  using  the  sand-roughened  surface  for 
blunt  hull  form  model  which  clearly  has  the 
abnormally  stable  characteristics  In  case 
of  smooth  surface. 


Author’s  Reply 


E.  Nskofciev  iKSRI ,* 


1-  I  thank  very  much  Professor  H. 

Fujino  for  his  very  interesting  and  valuable 
discussions.  He  has  raised  two  questions. 

The  hydrodynamic  lateral  forces  on  the 
self  propelled  small  smooth  model  differ 
indeed  quantitatively  and  qualitatively. 

It  might  be  explained  by  the  fact  that  un¬ 
steady  breakdown  of  the  flow  occurs  in  both 
cases,  presence  of  a  working  propeller  and 
rudder  changes  the  flow  pattern,  which  is 
reflected  in  Figs. 6  and  10,  out  does  not 
change  the  principal  feature  of  the  flow, 
namely  unsteady  character  of  the  breakdown. 
Taking  this  in  vi ew  we  made  an  attempt  to 
stabilize  the  breakdown  of  the  flow  of  self- 
propelled  small  model  by  means  of  sand- 
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roughness.  The  result  was  rather  suffi- 
ient  as  it  might  be  seen  from  Figs. 6  and  10. 
There  is  satisfactory  agreement  between  the 
characteristics  of  large  smooth  model  and 
small  sand-roughened  model  in  both  cases: 
for  bare  and  self-propelled  hulls. 

2.  Now  X  have  the  pleasure  tc  express 
my  gratitude  to  Mr.  K.  Tamni  for  his  very 
interesting  dicussiohs  concerning  the  im¬ 
portant  questions  of  principal  character 
that  he  has  raised. 

Sand-roughened  surface  really  might 
influence  an  exaggerated  rudder  force.  To 
check  this  we  carried  out  force  measurements 
on  the  models'  rudders.  We  find  that  this 
influence  is  insufficient  in  the  rudder 
helm  range  of  +  10°,  i.d.  in  the  range  em¬ 
bracing  the  hysteresis  loop.  Some  exagger¬ 
ating  of  the  rudder  force  on  the  sand-rough¬ 
ened  model  was  found  at  larger  rudder  angles. 
This  might  lead  to  some  error  in  estimation 
of  the  tactical  diameter  and  may  cause  an 
unfavourable  effect  on  the  zig-zag  test 
results  too,  if  the  rudder  angles  are  too 
large.  It  seems  to  me  chat  such  a  test  is 
hardly  appropriate  for  the  purposes  of 
evaluating  of  stability  characteristics  due 
to  strong  non-linearities  inherent  to  a 
full-bodied  model. 

The  proposal  to  test  partially  sand- 
roughened  models  seems  to  be  attractive  if 
one  takes  into  account  results  shown  in 
Fig. 11.  It's  a  pity  we  can't  define  the 
necessary  and  sufficient  zone. 

I  value  very  highly  the  results  ob¬ 
tained  by  Japanese  Colleagues  in  the  field 
of  manoeuvrability  scale  effect.  Especially 
interesting  results  were  reported  by  Prof. 

K.  Ncmoto.  Phenomenon  observed  by  Prof.  K. 
Noraoto  and  the  one  described  in  the  pre¬ 
sent  paper  are  not  similar  in  one  more 
respect  besides  the  place  of  breakdown  zone. 
Fros  say  viewpoint  in  the  case  described  by 
Prof.  K.  Nomoto,  there  was  a  staole  break¬ 


down  of  the  boundary  layer  that  generated 
a  strong  flow  behind  the  model  which  im¬ 
proved  her  course  stability.  Here  we  deal 
with  unstable  breakdown  of  the  flow  on  the 
hull  of  a  small  model.  Stabilization  of 
the  breakdown  by  means  of  sand-rougheness 
makes  small  blunt  models  acre  unstable. 

This  is  similar  to  large  models  with  res¬ 
pect  to  dynamic  stability  characteristics. 

If  I  was  right  in  suggestion  that,  in  case 
of  abnormally  stable  characteristics,  the 
breakdown  of  the  flow  on  the  blunt  model 
was  stable,  then  I  would  hardly  expect  any 
positive  result  due  to  sand-roughening 
such  a  model. 

And  one  mere  question  concerning  the 
grain  size  measurement.  We  used  for  this 
purpose  a  micrometer. 

I  am  very  pleased  by  the  fact  that 
Professor  K.  tfomoto?  one  of  the  first  in¬ 
vestigators  ui  the  manoeuvrability  scale 
effect,  has  paid  attention  to  cur  paper. 

He  has  raised  the  important  question  if  the 
sand-roughened  model  method  is  applicable 
for  slim-bodied  models.  In  ay  opinion 
this  method  might  be  effective  in  cases  of 
unsteady  breakdown  of  the  boundary  layer 
which  behaviour  stror-ly  depends  on  the 
size  of  the  model  in  a  manner  characteris¬ 
tic  to  crossflow  breakdown  around  a  blunt 
body.  That  occurs  when  we  deal  with  full- 
Lodied  models.  I  am  not  very  optimistic 
regarding  the  extrapolating  of  the  method 
to  fine  hull  forms. 


Finally  I  would  like  to  thank  once 
again  Prof.  K.  Fujino.  Mr.  H.  Tamai  and 
Prof.  K.  Nomoto  tor  their  discussions  and 
to  express  my  gratitude  to  the  Japanese 
Colleagues  who  have  carried  out  so  many 
original  and  important  investigations  in 
the  field  or  manoeuvrability  scale  effect 
and  who  provoked  in  a  way  the  presented 
paper. 
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ABSTRACT 

Analysis  of  Wave  Energy  devices  based 
entirely  upon  linear  hydrodynamic  theory 
demonstrates  that  all  shapes  are  potential¬ 
ly  equivalent  in  their  ability  to  absorb 
energy  from  water  waves.  Therefore,  the 
main  feature  with  which  one  concept  may  be 
separated  from  another  will  be  their  engin¬ 
eering  characteristics  that  determine  the 
feasibility  of  obtaining  high  capture  effi¬ 
ciencies. 

In  this  paper  a  survey  of  the  hydro- 
dynamic  properties  of  various  device  types 
is  given  and  experimental  evidence  is  pro¬ 
duced  to  confirm  the  validity  of  linearised 
theory. 

NOhJNCLATURE 

A  Incident  Wave  Amplitude 

B  Hydrostatic  Spring  Matvix 

C  General  form  of  Power  Take-off  Control 
Matrix 

D  Damping  Matrix 

Fq  Wave  Exciting  Force 

*M  (M  x  M)  Unit  Matrix 

K  Wave  Number 

M(id)  Added  Mass  Matrix 

N(w)  Added  Damping  Matrix 

P+,P" Upstream  and  Downstream  radiation 
Potential  Amplitudes 

P  Incident  Wave  Power  per  unit  width  of 

frontage 

X  Vector  of  displacements 

g  Gravitational  acceleration 

1  Wavelength 

p  Density  of  Water 

u  Angular  Frequency 

1.  INTRODUCTION 

The  concept  of  harnessing  Ocean  Wave 
power  has  captured  the  imagination  of 


inventors  for  many  years  and  there  are 
numerous  suggestions  for  wave  power  devices, 
which  are  claimed  to  convert  wave  energy  to 
some  other  form  -  mechanical,  hydraulic  or 
pneumatic  -  economically.  More  serious 
studies  have  recently  been  undertaken  in 
the  United  Kingdom,  Norway,  Japan,  Sweden 
and  the  U.S.A.  to  determine  the  technical 
and  economic  feasibility  of  exploiting  this 
energy  resource. 

In  the  United  Kingdom  the  studies  have 
been  disappointing  in  their  predictions  for 
the  likely  cost  of  a  feasible  system  although 
possible  improvements  are  recognised.  How¬ 
ever,  a  single  device  has  not  been  identified 
upon  which  research  effort  can  be  concentrat¬ 
ed  in  spite  of  a  general  desire  to  select 
one.  The  choice  of  a  preferred  system 
involves  many  different  objectives  with 
consideration  of  all  aspects  of  the  problem 
from  the  waves  themselves  to  the  energy 
consumer.  In  order  to  select  a  favoured, 
rational  design  a  thorough  understanding  of 
the  interaction  of  waves  and  devices  will  be 
required  since  this  determines  the  design  of 
the  remainder  of  the  system.  Therefore,  in 
this  paper  the  problems  and  nature  of  this 
primary  interface  will  be  examined  based 
entirely  upon  linear  wave  theory  which  may 
at  first  sight  appear  restricting  but  wjll 
be  shown  to  describe  many  interesting  charac¬ 
teristics  that  have  been  experimentally 
confirmed. 

Historically,  studies  on  the  primary 
interface  to  the  waves  were  based  on  two 
dimensional  theory  and  supporting  experi¬ 
mental  work  confined  to  narrow  wave  flumes. 

In  both  cases  devices  of  infinite  width  are 
being  simulated  and  this  has  led  to  a  large 
number  of  devices  that  are  designed  to  align 
themselves  perpendicular  to  the  prevailing 
wave  direction.  These  types  of  devices 
are  commonly  known  as  terminators.  The 


early  experimental  work  was  particularly 
important  since  the  extremely  high  conver¬ 
sion  efficiencies  measured  were  previously 
not  thought  likely  and  the  analytical 
calculations  subsequently  correlated  well 
with  these  tests,  demonstrating  the  validity 
of  linearised  hydrodynamic  theory. 

Only  recently  has  there  been  an  inc¬ 
reased  interest  in  three  dimensional 
behaviour  of  devices.  This  has  been 
simulated  by  three  new  concepts  being 
studied  separately  in  Britain, .Norway  and 
Japan.  The  Japanese,  Kaimei/  ’  a  ship 
shaped  device  has  been  tested  at  full  scale. 
The  Point  Absorber  of  Budal  and  FalnesC2) 
has  attracted  a  great  deal  of  attention 
particularly  by  its  ability  to  absorb 
energy  extremely  effectively  in  a  linear 
array  and  in  Britain  an  invention  by 
Professor  French(3)  is  being  investigated. 

The  latter  is  a  long  thin  beam  with  bags 
mounted  on  it  which  enclose  pressurised  air. 
In  common  with  Kaimei ,  its  alignment  is  at 
right  angles  to  the  wave  fronts  and  these 
devices  are  generically  known  as  attenuators. 

In  this  paper  both  two  and  three  dimen¬ 
sional  hydrodynamic  theory  will  be  used  to 
investigate  the  performance  of  various  wave 
power  devices.  Particular  emphasis  is 
given  to  the  theory  of  optimal  control  which 
determines  the  upper  limit  on  performance. 

In  considering  the  primary  interface,  the 
first  stage  of  power  conversion  cannot  be 
neglected  and  a  section  is  devoted  to 
developing  a  time  domain  model  of  hydro¬ 
dynamics  which  is  used  to  solve  a  novel, 
nonlinear,  control  system  proposed  by  Budal 
and  Falnes. 

2.  OPTIMAL  CONTROL 

Consider  any  wave  power  device,  or 
array  of  devices,  with  N  independent  degrees 
of  freedom  which  can  be  described  by  the 
equation  of  motion 

lx  +  Bx  =  fw(t)  +  fext(t)  (1) 

where  I  is  the  inertia  matrix  of  the  system, 
B  the  linearised  hydrostatic  spring,  fw(t) 
is  a  vector  of  wave  induced  forces,  fext(t) 
are  externally  applied  forces  and  x  is  a 
vector  of  displacements.  In  general  the 
wave  forces  are  expressed  as 

fw(t)  =  fQ(t)  -  M(w)x  -  N(u)x 

where  f  ( t )  is  the  wave  induced  force  on  a 
stationary  device  and  M(u)  and  N(«)  are 
the  added  mass  and  damping  matrices  res¬ 
pectively  whose  elements  are  frequency 
dependent.  Strictly  this  representation 
is  only  valid  for  steady  harmonic  oscil¬ 
lations  at  angular  frequency  w  but  since 
the  hydrodynamic  equations  have  been 
linearised,  then  for  optimal  power  extrac¬ 
tion  the  motion  must  be  harmonic  and 
therefore  this  restriction  is  not  limiting. 

Rearranging  equation  (1)  and  consider¬ 
ing  the  case  of  harmonic  oscillations  where 

x(t)  =  X(w)eiwt, 


and 

f0(t)  =  Fo(w)elut 
gives  an  equation 

GX  =  FQ+  fext(t) 

where 

iwG  =  B  —  os2  £l  +  M(ui)]  +  iioN(u) 

Suppose  that  it  is  possible  to  control  the 
motion  through  the  external  forces  in  M 
modes  of  motion  (M<N)  such  that 

fext(t)  =-RCRTX 

where  R  is  an  (NxM)  matrix  whose  columns 
are  unit  vectors  in  the  direction  of  the 
modes  of  motion  that  are  under  control. 

The  displacements  are  then  given  by 

X  =  [G  +  rcrt]-1fo 
and  the  absorbed  power  is 
lw2Re [XTRCRTXj 

where  the  overbar  denotes  the  complex  conju¬ 
gate  and  T  the  matrix  transpose. 

Substituting  for  X,  gives  the  power  as 


1  2= 
4“  FC 


[g+rcrt] 


-1 


R(C+C)RT[G+RCRT]  f 


and  maximising  this  expression  with  respect 
to  the  elements  of  the  matrix  0  gives  a 
condition. 


RImRT=R(C+C)RT(G+RCRT)"1  rimrt 

where  IM  is  an  (MxM)  unit  matrix. 

To  solve  this  equation  for  C,  it  is  con¬ 
venient  to  partition  the(NxN)  matrices  so 
that  in  matrix  notation  we  have 


'o  0  ' 

It 

O 

o 

V  e" 

O 

O 

_°  1M 

0  C+CJ 

Y.  6 

0  lM_ 

where  a,  6,  y  and  5  are  the  partition 
elements  of  (3  +  RCRT)  .  This  gives  a 
relation 

IM  =  (C+C)  6 

and  it  can  be  shown  that 


s~l  =  [rtg-1r]  1+c 

giving  the  optimum  controller  as 


It  should  be  noted  that  this  result  assumes 
that  S-1  exists  and  in  some  cases  this  is 
not  true. 

The  most  important  feature  of  this 
analysis  is  that  the  efficiency  of  wave 
energy  absorption  is  crucially  affected  by 
the  form  of  the  external  forces  and  in 
many  cases  there  is  a  unique  characteristic 
which  achieves  optimum  conditions.  There¬ 
fore  in  any  analysis  of  the  primary  inter¬ 
face  it  is  important  to  consider  both  the 
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wave/device  interaction  together  with  the 
characteristics  of  the  first  stage  of  power 
conversion  whose  function  is  primarily  to 
provide  the  correct  'resistance'  to  the 
waves  to  enable  effective  absorption. 

If  power  is  extracted  from  all  degrees 
of  freedom,  then  M=N(,  and 

C  =  G, 
to  give 

X  =  |  [N(U)]"1Fo 
and  the  absorbed  power  is 


I  F 
8  o 


[N(u)] 


since  the  added  damping  matrix  is  symmetric. 
The  results  of  this  section  are  generally 
applicable  to  both  two  and  three  dimension¬ 
al  theory. 

3.  TWO  DIMENSIONAL  THEORY 
3. 1  Maximum  Efficiencies 

Considering  in  the  first  instance  the 
simple  case  where  N=M=i,  the  maximum  wave 
power  that  can  be  absorbed  is  given  by 
equation  (2)  where  all  the  terms  are  now 
scalars.  Some  simple  identities  can  be 
derived  in  two  dimensions  (Newman(A))  in 
terms  of  the  upstream  and  downstream 
radiation  potential  amplitudes,  P+  and  P~, 
derived  by  considering  unit  forced  oscil¬ 
lations  of  the  device  in  otherwise  calm 
fluid.  Newman  has  shown  that 


[“)  =  ipu  £ 


P+i2  +  IP' 


F0(«)  =  PgA  P  (4) 

where  A  is  the  amplitude  of  the  incident 
wave.  Therefore  normalising  the  absorbed 
power  per  unit  width  to  the  corresponding 
incident  wave  power,  P  ,  where 

p  _  1 _  .2 

w  4u 

gives  a  maximum  efficiency  of 


|P+j2  +  |P“j2 

This  has  been  derived  by  a  number  of 
authors  (e.g.  Evans(5))  and  demonstrates 
that  the  ability  to  generate  waves  in  a 
single  preferred  direction  is  advantageous 
for  high  efficiency. 

Moreover,  if  N  is  greater  than  unity 
equations  (3)  and  (4)  can  be  generalised 
as 


_  rjy  _  rj% 

[*N(  a)l  =  ipw  P*  (PJ  +  P'(Pj 
L  jmn  2  m  n  m  n' 

lor  m,n  =  1,2. . .N,  and 

C  =  peA  p; 

where  now  the  added  damping  is  a  matrix 
and  the  potential  amplitudes  constitute  a 
vector  corresponding  to  forced  oscillations 


in  each  separate  mode  of  motion.  Using 
expression  (2)  for  the  maximum  absorption, 
gives  an  efficiency  of  100%  for  N=M=2, 
provided  that 


D“  p+ 
'1  *2 


+ p!  p; 


This  latter  condition  ensures  that  both 
modes  are  not  entirely  symmetric  (P*  =  P  ) 
or  asymmetric  (P  =  -  Pm).  ra 

If  this  analysis  is  extended  any 
further  to  cases  involving  more  than  two 
modes  of  motion  which  are  all  controlled, 
then  the  expression  for  the  maximum 
absorption  given  by  equation  (2)  is  invalid 
since  the  added  damping  matrix  is  singular. 
This  can  be  observed  from  the  general  form 
given  above  which  is  a  sum  of  two  rank  one 
dyadic  forms  and  therefore  the  rank  of  the 
matrix  can  be  no  greater  than  2.  Such  a 
result  is  not  surprising  since  control  in 
two  modes  has  been  shown  to  enable  100% 
efficiency  and  it  is  not  possible  to  do  any 
better! 

From  the  above  analysis  it  can  be 
deduced  that  for  any  device,  described  by 
two  dimensional  theory,  100%  capture 
efficiency  can  be  obtained  through  control 
in  two  modes  of  motion  only.  Even  in  the 
case  where  N>M,  the  optimal  controller 
given  in  Section  2  will  ensure  100% 
efficiency  provided  M=2.  This  result  has 
been  confirmed  experimentally  by  Evans(3) 
who  tested  an  immersed  cylinder  controlled 
in  both  translational  modes  of  motion 
(heave  and  sway)  to  ensure  perfect  wave 
absorption. 

3.2  Non-Optimum  Operation 

The  optimal  controller  derived  in 
Section  2  necessarily  incorporates  a 
substantial  reactive  component  whereas 
most  experimental  work  has  concentrated 
on  simple  resistive  loads.  Referring  to 
equation  (1),  the  case  of 

f6Xl(t)  =  -  Dx, 

gives  a  harmonic  solution  whose  amplitude 
can  be  determined  from  equation  (1).  The 
absorbed  power  in  this  case  can  be  calcul¬ 
ated  as 

|  Re  [  uj2  XTDX  ] 

and  to  evaluate  this  it  is  necessary  to 
determine  the  hydrodynamic  added  mass  and 
damping  matrices  and  the  exciting  forces 
by  solving  the  fluid  dynamic  equations. 

This  is  achieved  in  two  dimensions  by 
approximating  the  device  cross  section  as 
a  polygon  and  placing  a  point  source  of 
waves  at  the  centre  of  each  line  element. 
These  are  given  strengths  which  are  chosen 
to  satisfy  the  prescribed  boundary  condi¬ 
tions  on  the  body  surface. 

Calculations  for  the  Salter  Duck1  ’ 
operating  in  a  single  degree  of  freedom 
(roll  motions  only)  agreed  very  well  with 
experiment  and  in  Figures  1(a)  and  (b) 
results  are  shown  for  the  performance  and 
translational  forces  that  were  monitored 
during  these  tests. 
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Figure  1(a).  The  Performance  of  a  Salter 
Duck  -  Theory  and  Experiment. 


1 :  Sway  force  •  ^ 

•  2 :  Heave  force  +  J  ~j 
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Figure  2.  The  Performance  of  a  Raft  Pair  - 
Theory  and  Experiment. 

The  second  device  has  been  conceived  through 
the  desire  to  utilise  air  as  a  transfer 
medium  between  the  wave  and  the  mechanical 
power  extraction  system.  A  device  that  is 
simply  a  shallow  draught  section  with  an 
enclosed  water  column  in  its  front  section 
has  been  shown  to  work  efficiently  and 
results  are  given  in  Figure  3. 
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Figure  1(b). 


Vertical  and  Horizontal 
forces  measured  on  a 
Salter  Duck. 


Further  results  in  two  dimensions  were  more 
satisfying  since  the  analytical  work  pre- 
ceeded  the  experimental  results.  The  two 
devices  considered  are  very  similar,  the 
first  being  the  Cockerell  Raft  which  was 
originally  conceived  as  a  large  number  of 
hinged  floats  that  articulate  in  response 
to  the  waves.  The  engineering  problems 
associated  with  each  hinge  created  diffi¬ 
culties  and  theory  demonstrated  that  a 
single  hinged  system  with  a  fixed  rear  float 
would  be  as  effective  as,  say,  a  duck  and 
this  was  subsequently  confirmed  experimental¬ 
ly.  (see  Figure  2). 


Experiment 


1.0  1.5 

Normalised  frequency 


Figure  3.  The  Performance  of  an  Oscillat¬ 
ing  Water  Column  -  Theory  and 
Experiment . 

It  is  important  to  note  that  all  of 
these  devices  are  designed  to  operate  in  a 
single  mode  of  motion  and  therefore  are 
effective  unidirectional  wave  generators 
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when  driven  in  reverse.  They  have  also 
been  designed  to  ensure  that  the  frequency 
of  peak  efficiency  coincides  with  the 
prevailing  wave  frequency. 

3 . 3  Practical  Problems 

A  major  problem  with  these  devices  has 
been  to  restrict  the  translational  (heave 
and  surge)  motions  in  a  floating  system 
since  calculations  demonstrate  that  if  no 
restraint  is  applied  to  these  modes  then 
in  plane  waves  the  performance  is  signifi¬ 
cantly  reduced.  Salter,  however,  has 
suggested  that  such  devices  should  be 
mounted  on  a  long  common  element,  called  a 
spine,  which  will  be  stabilised  by  virtue 
of  the  phase  cancellation  of  the  wave 
forces  along  its  length  due  to  the  direct¬ 
ional  spread  of  ocean  waves.  Moreover,  it 
is  suggested  that  if  by  either  a  wise 
choice  of  material,  or  controlled  joints 
along  this  spine  and  the  appropriate 
translational  spring  stiffnesses  achieved 
it  is  possible  to  improve  upon  the  perform¬ 
ance  of  the  device  operating  in  a  single 
degree  of  freedom.  It  would  appear  that 
all  floating  terminators  operating  in  a 
single  degree  of  freedom  therefore  require 
a  spine  of  some  form  in  order  that  a  com¬ 
pact  structure  can  be  efficient. 

Evans,  on  the  other  hand,  whilst  still 
using  a  device  that  is  a  good  wave  genera¬ 
tor,  has  produced  a  simpler  structure 
which  needs  control  in  two  modes  of  motion. 
Therefore,  there  appears  to  be  an  inter¬ 
change  between  civil  and  mechanical  engin¬ 
eering  complexity  and  it  is  not  clear  which 
route  is  preferable.  In  both  cases  the 
ability  to  simulate  reactive  power  take-off 
has  the  effect  of  reducing  the  size  of  the 
structure  although  the  mechanical  achieve¬ 
ment  of  such  control  may  well  be  extremely 
difficult. 


4 .  THREE  DIMENSIONAL  THEORY 
4.1.1  Single  Absorbers 


In  three  dimensions  there  is  again  a 
simple  relation  between  the  added  damping 
coefficients  and  the  wave  exciting  forces 
such  that  „ 


[«(»)] 


mn 


8.\P. 


(8) 


n  -.T 
( e)  ds 


where  the  F  (0)  is  the  force  on  a  fixed 
body  due  to°a  wave  incident  from  an  angle 
of  o  and 

1  2.2 

pw  =  TS  A  - 

which  is  the  incident  power  per  metre  of 
wave  frontage.  In  the  particular  case 
of  a  single  body  the  maximum  energy  for 
operation  in  a  single  mode  of  motion  can 
therefore  be  derived  as 

2s 


!  F0< a ) ! 


Now  the  exciting  force,  F  (e)  is  directly 
proportional  to  the  radiated  wave  in  a 
direction  e  created  by  a  forced  oscillation 
and  this  expression  clearly  demonstrates 
that  high  energy  capture  is  obtained  if 
the  device  radiates  in  a  narrow  band  of 
angles  but  at  the  expense  of  being  extremely 
directional.  Normalising  the  above 
expression  to  P  ,  gives  a  capture  width  for 
the  device  and  in  the  case  of  a  radially 
symmetric  device  vertically  oscillating, 

F  (0)  is  independent  of  angle  this  reduces 
to  X/g^.  If  horizontal  (sway)  oscillations 

are  considered  F  ( 6) varies  as  cose  and  the 
capture  width  is  aoubled  to  X/^. 

If,  further,  a  combination  of  vertical 
and  horizontal  oscillations  are  considered 
(N* =  2)  then  the  cross  coupling  terms 
vanish  in  the  added  damping  matrix  since 
the  integral  of  cos0  is  zero.  Letting 
F01(S)  =  a  and  Fo2(6)  =  s  cose  then  N(u) 
is  given  by  the  matrix 

1  [2-aa  0  1 


and  the  maximum  capture  width  is 


~  (1  +  2  cos26) 

Combining  the  orthogonal  horizontal  mode  to 
the  sway  would  make  this  expression  inde¬ 
pendent  of  angle  and  give  a  value  3X/2n. 

It  is  interesting  to  note  that  in  three 
dimensions  the  added  damping  matrix  is 
not  singular  for  N>2  as  could  have  been 
deduced  from  the  representation  as  an 
integral  of  rank  one  dyadic  forms  which 
can  have  arbitrarily  high  rank. 

4.1.2  Arrays  of -Devices 

Perhaps  the  most  interesting  use  of 
the  three  dimensional  analysis  is  to 
examine  arrays  of  devices  which  has.  . 
previously  been  considered  by  Evans1  '(1980). 
He  has  analys  d  configurations  of  axially 
symmetric  devices  that  are  each  constrained 
to  vertical  (heave)  oscillations  and 
assumed  that  the  devices  were  small  in 
relation  to  both  the  incident  wavelength 
and  their  spacing  so  that  the  form  of  the 
exciting  force,  Fm(e),  was  not  influenced 
by  the  presence  o?  the  other  structures. 

He  therefore  assumed  that 


“(e) 


=  Felklm 


COS( 0  -  am) 


where  1  is  the  distance  of  the  mt.h  device 
from  the  origin  and  am  is  the  angle  the 
line  1  makes  with  the  positive  x  axis. 

The  latter  term  merely  represents  a  phase 
change  due  to  the  position  of  device  m. 

In  this  case  the  added  damping  matrix 
reduces  to  a  particularly  simple  form 

■  Jo(K1WFl?/4XPv 

where  R  is  the  distance  between  the  rath 

and  nth  devices  and  J  is  the  zero  order 

o 
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Bessel  function.  Therefore  the  capture 
width  may  be  expressed  as, 

>  -T  -1 
k  LJ  L- 

where  J  *  is  the  inverse  of  the  matrix 

Jq(K"  )  and  L  is  a  vector  whose  compon¬ 
ents  are 

,  _  „ikl  cos(0  -  a  ) 

L  =  e  m  m 

m 

Now  for  N  devices,  their  summed  capture 
width  working  in  isolation  is  N?/2n  and 
a  q-  factor  can  be  defined  as  the  change 
in  performance  due  to  the  presence  of 
other  devices  and  is  given  by 

q(9)  =  i  L1 J  \ 

It  may  appear  remarkable  at  first 
sight  that  any  interaction  factor  exists 
since  it  has  been  assumed  that  the  exciting 
force,  and  hence  the  radiated  waves  are 
not  changed  by  the  presence  of  the  other 
devices  but  apparently  the  energy  capture 
is  influenced:  The  explanation  for  the 

q-  factor  lies  in  the  fact  that  much  of 
the  structure  of  the  hydrodynamics  has 
been  incorporated,  particularly  in  formula¬ 
ting  the  added  damping  coefficients  which 
estimate  the  forces  induced  by  moving  a 
device,  both  on  itself  and  the  other  bodies. 
In  this  anaiysis  it  is  assumed  that  the 
forces  induced  on  body  n,  by  motion  of 
body  m,are  due  to  the  radiated  wave  of 
device  m  and  the  diffraction  of  this  wave 
by  all  other  devices  is  neglected.  The 
q-  factor  therefore  arises  since  there  is 
an  induced  force  coupling  the  devices 
together  and  depending  on  the  magnitude 
and  phase  of  these  forces  energy  capture 
can  be  advantageously  or  adversely 
affected. 

4.2  Numerical  Calculations 

Evan's  assumptions  can  be  tested  using 
numerical  calculations  to  determine  the 
added  damping  coefficients.  The  technique 
used  to  solve  the  hydrodynamic  equations 
is  to  partition  the  device  into  plane 
facets  and  position  a  point  source  of 
wavec  at  each  facet  centroid.  Results 
for  the  added  damping  coefficients  are 
given  for  a  pair  of  devices  which  are 
cylinders  with  hemispherical  bases.  In 
Figure  4(a),  the  ratio  of  the  diagonal 
damping  coefficient  to  that  of  a  single 
body  is  plotted  for  various  values  of  the 
spacing  d,  normalised  by  the  wavenumber 
K  =  2ji /x .  Evans  assumes  a  constant  value 
of  unity  whereas  it  is  apparent  that  the 
wave  diffracted  from  the  other  device 
causes  this  value  to  oscillate  about 
unity.  These  calculations  are  carried 
out  for  device  of  normalised  radius  0.47 
and  changes  of  up  to  10%  in  the  added 
damping  coefficient  can  be  observed  for 
spacings  less  than  5  diameters.  For 
larger  spacings  the  wave  scattering 
becomes  less  significant 
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Figure  4(a).  The  Diagonal  element  of  the 
Added  Damping  Matrix  for  a 
Pair  of  Point  Absorbers. 

When  considering  the  coupling 
coefficients  where  the  force  on  body  n 
is  evaluated  due  to  a  forced  movement  of 
the  mth  device  with  all  others  held 
stationary  then  the  diffracted  wave  field 
of  the  nth  body  will  be  of  the  same  mag¬ 
nitude  as  the  radiated  field  at  this 
position.  Therefore  the  simple  form  of 
J0(Kd)  will  not  represent  the  cross 
coupling  terms  and  a  comparison  with  the 
numerical  calculations  is  shown  in  Figure 
4(b)  ror  a  device  pair. 
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Figure  4(b).  The  Cross-coupling  term 

of  the  Added  Damping  Matrix 
for  a  Pair  of  Point  Absorbers. 


Associated  with  these  modifications  are 
changes  in  the  exciting  forces  which  adjust 
appropriately  to  maintain  the  integral 
relation  between  them  and  the  added  damping 
matrix  elements. 

In  Figure  5  the  q-f  acton  evaluated 
from  the  simplifying  assumptions  made  by 
Evans  are  compared  with  numerical  calcula¬ 
tions  for  a  line  of  two  and  hree  equally 
spaced  absorbers  which  demonstrate  a 
remarkable  degree  of  agreement.  Further 
calculations  on  an  array  of  ten  equally 
spaced  devices  which  take  account  of  first 
order  diffraction  from  other  devices  gives 
a  q-factor  of  2.31  compared  to  the  value 
of  Evans  of  2.37  for  a  normalised  spacing 
of  4.99. 


situation  in  a  wave  tank  at  Edinburgh 
University  that  is  30m  wide.  Array 
configurations  of  point  absorbers  were 
tested  in  regular  wave  conditions  and 
measured  powers  were  normalised  to  the 
power  absorbed  by  the  isolated  devices, 
albeit  with  non-optimal  control.  The 
results  are  shown  for  two  and  ten  devices 
in  Figures  3  for  a  range  of  angles  of 
incidence  indicating  an  excellent  agreement 
with  theory  and  demonstrating  a  marked 
advantage  in  absorption  when  devices  are 
correctly  placed  in  an  array. 
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Figure  5.  A  Comparison  between  Evans 

approximate  Theory  and  Numerical 
Calculations  for  array  of  2  and 
3  absorbers. 

Numerical  calculations  have  also  been 
carried  out  for  array  configurations  where 
each  device  has  a  simple  resistive  damping 
load  rather  than  the  optimal  controller. 
Experiments  were  conducted  to  model  this 
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Figure  6(b).  A  Comparison  between  Theory  and 
Experiment  for  an  array  of  ten 
Point  Absorbers. 


factor  q  -  factor 


4 . 3  Some  Indication  of  Attenuator 
Performance  ' 

The  analysis  of  arrays  of  point 
absorbers  can  be  carried  out  for  various 
angles  of  wave  incidence;  in  particular 
results  for  a  wave  approaching  along  the 
line  of  the  array  can  be  considered  to 
model  attenuator  behaviour.  In  the  simple 
approach  of  Evans,  which  has  been  demon¬ 
strated  as  a  reasonable  model,  there  is 
essentially  no  difference  between  waves 
approaching  at  an  angle  of  e  or  rr  -  e. 

If  the  devices  in  the  array  are  therefore 
labelled  from  1  to  N  then 

lXm!  =  iXN-ra+lj  m  =  1,  2  ...  N  , 
and  the  rear  element  should  absorb  as  much 
power  as  the  front  under  optimal  conditions. 
Therefore  the  term  ’attenuator’  is  inaccur¬ 
ate  in  this  particular  case.  It  should  be 
noted,  however,  that  when  diffraction  terms 
are  taken  into  account  and  non-optimum 
control  is  applied  the  above  relationship 
is  not  true  although  the  particular  case 
of  attenuation  is  not  desirable  for  effec¬ 
tive  absorption. 

Results  for  the  maximum  q-factors, 
using  the  Evans  formula  are  given  in 
Figure  7  for  both  the  terminator  mode 
(6=0)  and  the  attenuator  one  (0  =  "/_) 
using  two  and  ten  devices. 

2.5 
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Figure  7.  The  Performance  of  Point  Absor¬ 
ber  arrays  in  the  Terminator  and 
Attenuator  Mode. 


These  show  that  the  very  high  q-factors 
are  best  achieved  with  terminator  con¬ 
figurations  and  in  the  attenuator  mode 
there  is  a  decreasing  incentive  to  use 
an  increasing  number  of  absorbers.  It 
would  appear,  therefore,  that  a  small 
number  of  active  elements  are  desirable 
for  an  attenuator  and  these  configurations 
should  themselves  form  a  linear  array  to 
permit  effective  absorption. 

Perhaps  it  should  be  emphasised  that 
as  the  size  of  an  array  increases,  whether 
it  is  of  point  absorbers  or  attenuators, 
the  configuration  tends  towards  two 
dimensional  behaviour  simulated  by  a 
single  device  placed  in  a  narrow  wave  tank. 
This  models  an  infinite  array  but  unfor¬ 
tunately  can  only  test  the  effect  of 
normally  incident  waves.  It  is  interest¬ 
ing  to  note  that  in  this  particular  case 
two  modes  of  motion  only  are  needed  for 
complete  wave  energy  absorption  and  the 
results  of  Section  3  are  applicable,  with 
only  minor  modification.  Therefore,  the 
concepts  of  the  Kaimei  device  and  the 
Lancaster  Bag  which  are  intended  to  form 
a  linear  array  should  perhaps  be  modified 
to  incorporate  only  two  active  elements, 
with  more  emphasis  on  control. 

5.  SOME  ASPECTS  OF  CONTROL 

Throughout  this  paper  the  effective¬ 
ness  of  wave  energy  absorption  has  been 
analysed  under  optimal  conditions  and 
with  simple  linear  resistive  loading. 

The  first  point  to  note  is  that  realistic 
methods  of  pf..*ary  power  conversion  will 
invariably  be  nonlinear  and  not  have  the 
instantaneous  respot that  has  been 
assumed  it  the  previous  analysis.  This 
may  well  lead  to  Slightly  different  optimal 
control  strategies  w^'oh  not  only  account 
for  the  wave, 'body  interaction  but  all  of 
the  system  .  oraponents  that  are  necessary 
to  enab*e  the  production  of  useful  energy. 

Secondly,  the  approach  to  optimal 
control  has  always  been  linear  which  to 
practically  achieve  would  involve  the 
storage  and  release  of  large  amounts  of 
energy  involving  many  mechanical  operations. 
This  is  likely  to  be  difficult,  and  with 
the  associated  losses  of  mechanical 
components  there  may  be  no  overall  gain  in 
energy  capture.  However, the  theory  of 

optimal  power  take-off  is  useful  since  it 
highlights  the  importance  of  control. 

Without  active  control  devices  tend  to  be 
large  and  rather  inefficient  leading  to 
uneconomic  designs. 

The  Norwegians,  Budal  and  Falnes, 
have  recognised  this  and  have  developed 
a  nonlinear  control  system  which  arrests 
the  motion  of  the  device  in  order  to 
advantageously  phase  its  motion  relative 
to  the  wave.  The  effect  of  this  is  to 
store  and  release  energy  at  prescribed 
times  and  allows  a  small  device  to  work 
extremely  effectively  in  the  prevailing 
wave  conditions.  Moreover,  this  method 
is  mechanically  simple,  involving  a  single 
valve  operation, twice  per  wave  cycle, which 
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is  likely  to  have  relatively  small  losses 
associated  with  it. 

The  analysis  of  realistic  system 
components,  and  a  nonlinear  control 
strategy  will  require  a  time  domain  model 
of  the  hydrodynamics  instead  of  the  more 
familiar  frequency  domain  representation 
that  has  been  used  throughout  this  paper. 

5. 1  Time  Domain  Model 

In  Section  2.1  the  wave  induced 
forces  were  separated  into  two  components, 
diffraction  forces  due  to  a  wave  incident 
on  a  stationary  structure,  and  radiation 
forces  due  to  the  movement  of  the  device. 
Since  the  diffraction  forces  for  mono¬ 
chromatic  waves  can  be  expressed  as 

F0(y)  =  R(u)  A(u) 

then  a  simple  superposition  gives  a  time 
domain  representation  as 


R(t)  A(u) 


=  fQ(t) 


where  A(j)  are  the  amplitudes  (complex)  of 
the  incident  wave  spectrum  and  2(c)  is  a 
vector  of  exciting  forces  in  unit  ampli¬ 
tude  waves. 

The  radiation  force  can  be  described 

as 

-M(y)  x  -  N(y)x  =  !-iyM(y)-N((D)|X(y)elJl, 


for  harmonic  forced  oscillations  and  this 
is  represented  by  a  convolution  in  the 
time  domain  as, 
t 


-5 


H(  t-r  )x(  t  )dt  t  )  } 


o 


where 


H(t)  ^  iiojl(u)  +N ( u )  j  elutdc  . 

o 


The  value  of  added  mass  of  infinite 
frequency,  M(“),has  been  subtracted  cut 
to  make  H(t)  converge  since  its  effect 
would  make  the  system  impulsive  at  t  =  0 
if  retained  and  represents  a  constant 
additional  mass  of  the  system  due  to  the 
fluid.  The  expression  for  H(t)  can  be 
simplified  by  using  the  Kramers  -  Kronig 
relations^8)  reducing  to 

o  * 

H(t)  =  =:  ^  N(y)cOsu)tdw. 

o 

Therefore  the  equation  of  motion  (1),  can 
be  written  generally  as, 

[l+M(»)]x+Bx+  ^  H( t-t )x( t )dt  =fQ(t )+fext( t) 
o 


This  equation  can  be  integrated 
numerically  given  the  necessary  hydro- 
dynamic  parameters.  The  phase  control 
system  of  Budal  and  Falnes  has  been 
modelled  using  this  representation  where 

feXt(t>  =  —  Dx  , 


and  if  the  magnitude  of  the  velocity  is 
smaller  than  some  prescribed  value,  e, 

!x(t)j  <  c 

then  the  device  remains  stationary  for  a 
prescribed  time  it.  Solutions  for  an 
isolated  point  absorber  are  given  in 
Figure  8  where  the  incident  wave  frequency 
is  one  half  of  the  natural  frequency  and 
a  comparison  between  the  optimal  controller, 
the  phase  control  and  the  simple  resistive 
loading  is  given.  These  results  demon¬ 
strate  the  value  of  using  intelligence  in 
the  primary  conversion  system. 


Figure  8.  A  Comparison  between  optimal 
control  and  that  adopted  by 
Budal  and  Falnes  for  the  same 
value  of  damping  constant. 

Note  the  enormous  gains  avail¬ 
able  from  control  over  the 
response  with  pure  resistance 
alone  which  is  barely  visible. 

The  whole  aspect  of  system  analysis 
requires  more  detailed  investigation  to 
account  for  the  inter-relation  between  all 
the  elements  of  a  wave  power  system.  One 
of  us  ( Jef ferys)(9)  has  been  particularly 
concerned  with  this  aspect  and  has  produc¬ 
ed  an  approximate  model  of  hydrodynamics 
that  replaces  the  convolution  integral  in 
the  time  domain  representation  as  a  finite 
order  linear  system  of  differential 
equations  The  numerical  solution  of  this 
is  quicker  and  the  powerful  techniques  of 
modern  optimal  control  may  be  used  with 
this  representation. 

6.  CONCLUSIONS 

The  results  presented  in  this  paper 
do  not  give  a  unified  picture  of  the 
primary  interface  of  any  wave  power  system 
but  hopefully  give  a  first  indication  of 
its  characteristics.  Perhaps  the  most 
important  aspects  are  firstly  that  the 
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experimental  evidence  correlates  extremely 
well  with  linear  hydrodynamic  theory  which 
can  now  be  used  with  confidence  when 
examining  device  behaviour  in  modest  wave 
conditions.  Naturally  in  extreme  waves, 
or  with  large  motion  amplitudes  of  the 
structure  the  linearity  breaks  down  and 
whilst  these  conditions  are  important  to 
the  designer,  efficiency  is  not  a  major 
concern! 

Secondly,  the  importance  of  providing 
a  controlled  load  by  the  first  conversion 
stage  has  been  emphasised  since  this  forms 
the  direct  link  between  the  wave/device 
interaction  and  the  wave  power  system. 

The  conflict  between  large  structures 
with  simple  mechanical  conversion  systems 
and  more  complex  conversion  coupled  with 
smaller  devices  is  an  important  area  that 
requires  further  study  which  could  offer 
reduced  costs. 

Thirdly,  the  analysis  in  this  paper 
tends  to  suggest  that  any  individual 
device  should  only  ever  attempt  to  absorb 
wave  energy  through  two  modes  of  motion 
and  all  device  concepts  are  identical  in 
their  potential  efficiency.  Natural  la¬ 
this  is  only  a  very  tentative  conclusion 
and  the  three  dimensional  analysis,  in 
particular,  is  based  upon  some  simple 
results.  However,  the  problem  of 
assessing  the  characteristics  of  the 
primary  interface  of  a  wave  power  system 
has  opened  up  many  new  and  interesting 
aspects  of  hydrodynamic  theory  which  will 
hopefully  be  found  useful  in  other  fields 
of  research. 

7.  ACKNOWLEDGMENTS 

This  paper  is  published  by  kind 
permission  of  the  Central  Electricity 
Generating  Board  describing  work  under¬ 
taken  at  Marchwood  Engineering  Labora¬ 
tories.  The  authors  would  also  like  to 
thank  Mr.  S.  Salter  and  the  Department  of 
Energy  for  use  of  the  excellent  experiment¬ 
al  facilities  from  which  many  of  the 
results  were  obtained. 

8.  REFERENCES 

1.  Masuda,  Y.  and  Miyazaki  T.  (1978) 
'Wave  Power  Electric  Generation  Study  in 
Japan’,  Proc.  Int.  Symposium  on  Wave  and 
Tidal  Energy,  B.H.R.A.  Fluid  Engineering, 
Cranfield,  Bedford,  England,  Vol.  1 
Paper  No.  B6. 

2.  Budal ,  K,  and  Falnes  J.  (1978) 

'Wave  Power  Conversion  by  Point  Absorbers', 
Norwegian  Maritime  Research,  Vol. 6  No. 4 

pp.2  -  11. 

3.  Chaplin,  R.V.  and  French  M.J.(1980) 
'Aspects  of  the  French  Flexible  Bag  Device', 
Proc.  of  I.M.A.  Conference  on  Power  from 
Sea  Waves,  Edinburgh  1979,  to  be  published 
by  Academic  Press. 

4.  Newman,  J.N.  (1962)  "The  Exciting 
Forces  on  Fixed  Bodies  in  Waves',  J.  Ship 
Res.  6,  pp.  10  -  17. 


5.  Evans,  D.V.  et  al  (1979) , 'Submerged 
Cylinder  Wave-Energy  Device  -  Theory  and 
Experiment',  Applied  Ocean  Research  1, 
No.l,  pp.  3-12. 

6.  Salter,  S.  (1974),  'Wave  Power*, 
Nature  249  pp.  720  -  724. 

7.  Evans,  D.V.  (1980)  'Some  Analytic 
Results  for  Two  and  Three  Dimensional 
Wave-Energy  Absorbers',  Proc.  of  I.M.A. 
Conference  on  Power  from  Sea  Waves, 
Edinburgh  1979,  to  be  published  by 
Academic  Press. 

8.  Kotik,  J.  and  Mangalus,  V.(1962) 

'On  the  Kramers-Kronig  Relations  for  Ship 
Motions,  Int.  Shipbuilding  Progress,  9 
No. 97. 

9.  Jefferys,  E.R.  (1979)  'The 
Modelling  and  Optimisation  of  a  Wave 
Energy  Converter',  Ph.D.  Thesis,  Cambridge. 


•826* 


Discussion 


J.N.  Newman  i¥Hj 


''our  paper  says  in  Fig -7  that  2  Devices 
for  attenuator  are  the  best  configuration 
than  others. 

Do  you  think,  this  result  can  be  applied 
in  eractical  apolications  ? 


Mr.  Count  has  discussed  a  variety  of 
two-  and  three-dimensional  devices  for  ab¬ 
sorbing  wave  energy. 

I  particularly  welcome  his  discussion 
and  advocacy  of  optimal  control,  and  figure 
8  suggests  the  extent  to  which  this  can  be 
achieved  with  relatively  simple  phase  con¬ 
trols.  It  might  be  noted  that  the  approach 
of  Budal  and  Falnes  is  nonlinear,  and  there¬ 
fore  introduces  higher  harmonic  radiative 
losses,  but  simple  estimates  indicate  that 
these  are  minor  for  a  relatively  deep  device 
such  as  a  heaving  spar  buoy. 

The  discussion  of  "Attenuator**  perfor¬ 
mance  in  section  4.3  leads  to  a  conclusion 
that  only  two  active  elements  are  necessary 
for  efficient  operation.  I  believe  that 
this  conclusion  is  based  on  two  dimensional 
considerations  which  may  not  hold,  even  for 
a  transverse  array,  in  a  realistic  direc¬ 
tional  spectrum.  There  are  fundamental  dif¬ 
ferences  between  the  two-  and  three-dimen¬ 
sional  optimum  designs,  and  in  the  latter 
case  increasing  the  degrees  of  freedom  leads 
to  increased  bandwidth.  This  is  illustrated 
by  comparison  of  the  predictions  shown  in 
figure  7  of  our  own  paper  to  this  symposium, 
and  more  recent  estimates  which  I  have  per¬ 
formed  for  an  idealized  "KAIMEI"  with  six 
active  elements.  In  the  latter  case  there 
are  twice  as  many  degrees  of  freedom,  and 
the  bandwidth  is  practically  doubled  as  a 
result.  One  also  should  warn  against  re¬ 
placing,  say,  a  long  four-degree-of-f reedom 
device  by  two  shorter  two-degree  of  freedom 
devices,  since  the  los3  of  "ANTENNA"  effect 
may  exceed  a  factor  of  two.  For  example, 
the  peak  performance  shown  in  our  figure  7 
at  -bout  KL/2  =  3  is  typically  reduced  to 
less  than  50%  of  its  peak  value  at  KL/2  = 
1.5. 


c.c.  Mei  mn 

The  author's  inference  on  attenuators 
in  S4.3  and  in  the  conclusions  is  based  on 
the  weak-interaction  approximation  for  wide 
spacing  between  point  absorbers.  In  most 
attenuators  so  far  proposed,  the  total 
length  is  about  one  wavelength  or  so.  For 
the  same  numbers  of,  equally  spaced  absorb¬ 
ers,  say  10,  does  the  author  think  that  a 
long  column  with  one  wavelength  spacing 
between  adjacent  absorbers  behaves  the  same 
as  a  short  column  with  (0.1)  wavelength 


M.J.  French (Um  sSUxaaet) 


While  this  paper  is  a  very  -useful  col¬ 
lection  of  important  results  in  the  hydro¬ 
dynamics  of  wave  energy  some  of  the  conclu¬ 
sions  it  arrives  at  are  plainly  unsound. 

The  authors  suggest  that  the  Lancaster 
wave  energy  device  might  be  improved  by 
incorporating  only  two  active  elements, 
with  more  emphasis  on  control.  The  first 
part  of  this  suggestion  is  rather  like  sug¬ 
gesting  that  old  warships  would  have  done 
better  with  two  guns  per  ship,  because  they 
could  be  brought  to  bear  better.  The  second 
part  ignores  the  fact  that  we  have  used 
since  1974  a  ‘Latched*  system  which  works 
very  like  the  one  proposed  later  by  Budal 
and  Falnes.  Our  choice  of  a  manifolded 
'Constant  Pressure*  system  in  which  air  is 
collected  from  a  range  of  bags  was  original¬ 
ly  made  because  it  possesses  this  advantage. 

Kith  regard  to  the  relative  merits  of 
attenuators  and  terminators,  the  authors 
conclude  that  high  absorbed  powers  per  de¬ 
vice  are  best  achieved  with  the  latter. 

But,  by  analogy  with  sailing  warships,  the 
spacing  of  devices  will  be  small  in  any 
practical  design,  at  or  beyond  the  left- 
hand  end  of  Figure  7,  where  it  would  seem 
attenuators  have  higher  c's  than  terminators. 
But  there  are  other  advantages  to  attenu¬ 
ators  -  for  example,  for  a  given  section, 
an  attenuator  has  active  collector  surface 
on  both  sides  instead  of  one,  a  very  sub¬ 
stantial  virtue. 

The  fact  remains  that  relative  to  its 
size,  the  Lancaster  device  extracts  such 
tore  power  than  any  of  its  rivals  (although 
per  unit  area  of  active  collecting  surface 
it  is  not  particularly  outstanding). 


Author’s  Reply 


B.M.  Count  (UK  CemiEm&norf  Gcrcos«;Shm« 


I  would  be  appropriate  to  take  all 
the  discussions  together  since  they  all 
refer  to  the  speculation  concerning  atten¬ 
uators  where  I  propose  that  two  active 
elements  per  device  may  be  sufficient  for 
effective  wave  energy  absorption. 

Professor  Newman  points  out  that  the  eon- 


G.KaiUMt$f£Q 


elusion  is  based  upon  the  results  of  two  absorbers  suggests  that  the  "antenna"  effect 

dimensional  theory  which  can  be  used  to  of  spacing  them  strategically  along  the  wave 

model  an  infinite  array  of  wave  power  de-  front  is  superior  to  the  attenuator  con- 

vices  which  are  excited  by  head  seas  and  figuration  for  head  seas  in  terms  of  total 

therefore  all  of  the  devices  move  in  phase.  energy  absorption.  The  extrapolation  to 

This,  of  course,  will  not  be  the  case  in  the  two  degree  of  freedom  attenuator  is 

a  fully  three  dimensional  environment  where  based  upon  this  result  and  two  dimensional 

waves  are  incident  from  many  directions  and  theory  and  needs  further  study  to  investig- 

the  array  comprises  of  a  finite  number  of  ate  its  validity. 

bodies.  .  .  With  regard  to  the  question  from  Mr. 

Professor  Newman  gives  some  interest-  Kai,  I  believe  that  the  configurations  sug- 

ing  results  for  an  attenuator  device,  using  gested  could  be  practical  option  although 

unified  field  theory,  demonstrating  that  a  their  performance  expectations  must  be  con- 

device  with  six  modes  of  motion  has  a  broad-  firmed*. 

er  bandwidth  than  a  two  mode  or  motion  sys—  Professor  French *s  views  demonstrate 

tem  in  addition  to  having  a  higher  peak  his  belief  in  the  Flexible  Bag  De- 

perfornanee.  This  is  rnt  surprising  since  vice.  His  arguments  concerning  the  two 

it  is  obvious  that  the  more  modes  of  motion  degree  of  freedom  system  may  have  some  sub- 

there  are  available  to  tine,  the  better  the  stance  as  shown  more  explicitly  by  Professor 

overall^ performance  of  the  system  by  virtue  Newman.  However,  his  claim  that  a  simple 

of  the  “antenna"  effect.  constant  pressure  manifold  to  a  good  ap- 

shilst  I  accept  the  comments  o.  Profes-  proximation  to  optimum  control  is  simply 

sor  Newman  and  Hei  as  casting  uncertainty  not  true  and  a  mere  sophisticated  algorithm 

on  my  conclusions  I  would,  however,  wish  to  is  reauir£Kj  to  achieve  a  latched  phase  con- 

make  the  following  point.  The  results  de-  trol.'  Finallv,  his  claim  that  the  Lancaster 

rived  frees  the  unified  theory  are  for  a  Device  extracts  much  more  power,  relative 

single  attenuator  m  three  dimensions  with  to  its  size,  than  any  other  wave  power  de- 

six  elements.  My  speculation,  however,  vice  is  a  speculative  claim  and  it  would 

refers  to  the  optimum  arrangement  of  a  large  ^  interesting  to 

know  from  what  theoretical 

number  of  absorbers  and  the  work  on  p  n  or  work  this  claim  is  based. 


Extraction  of  Energy  from  Wind  and  Ocean 
Current 


Theodore  Y.  Wu 
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ABSTRACT 

Basic  fluid  dynamic  principle  is  applied  to 
develop  a  mechanical  device  involving  lifting  sur¬ 
faces  in  unsteady  motion  by  which  energy  can  fee 
extracted  from  a  prevailing  stream  such  as  wind, 
current  ia  the  ocean,  and  tidal  and  river  currents. 
The  fundamental  care  considered  here  is  based  on 
pitch-and-heave  motion  of  a  single  airfoil-shaped 
blade  mounted  on  a  vertical  axis  and  moving  in  a 
uniform  stream,  for  which  motion  the  hydrody¬ 
namic  force  and  moment  acting  on  the  blade  and  the 
energy  relationship  are  evaluated  on  unsteady  wing 
theory.  The  operation  is  optimized  to  give  the 
highest  possible  efficiency  under  the  isoperimetric 
condition  of  fixed  specific  loading  (in  proportion  to 
the  reactive  drag  the  blade  must  withstand);  this 
optimum  motion  corresponds  to  the  least  possible 
loss  of  flow  energy  while  a  required  amount  of 
stream  power  is  being  extracted.  The  present 
simple  case  is  explored  with  prospects  for  further 
generalization  to  systems  of  multiple-blade  config¬ 
urations. 

1.  INTRODUCTION 

This  paper  attempts  to  explore  the  develop¬ 
mental  potential  of  a  fluid  mechanical  device  in¬ 
volving  lifting  surfaces  in  pitch-and-heave  type  of 
unsteady  motion  by  which  ensrgy  can  be  extracted 
from  prevailing  wind,  from  current  in  the  ocean, 
and  from  tidal  and  river  currents.  Unlike  the  hor¬ 
izontal-axis.  low-solidity  (high- angular -veloc ity) 
type  of  wind  turbines  and  the  vertical-axis  Darrieus 
turbine,  the  blade  movement  of  this  new  type 
*st.>eam-power  generator'  is  undulatory  and  pri¬ 
marily  transverse  to  the  main  stream  and  hence 
should  enhance  its  application  to  water  streams, 
as  compared  with  the  other  types,  on  account  of  its 
associated  gain  in  safety  to  ms.  -  ine  lives  and  to  its 
own  blade. 

The  fundamental  case  studied  here  is  based 
cm  pitch-and-heave  motion  of  a  single  airfoil¬ 


shaped  blade  mounted  on  a  vertical  axis,  and  oper¬ 
ated  in  such  a  manner  as  to  extract,  under  a  chosen 
isoperimetric  condition,  the  greatest  possible 
amount  of  energy  from  the  incident  primary  stream, 
which  is  assumed  uniform.  Clearly,  this  mode  of 
blade  movement  is  quite  similar  to  the  undulatory 
motion  of  the  lunate  tail  found  in  carangsform  fish 
propulsion  and  to  the  flapping  wing  motion  of  birds 
in  flight.  A  chief  intent  of  this  work  is  to  make  a 
unified  comparative  study  of  the  two  modes,  namely 
the  'self-propulsion  mode'  and  the  'power-extrac¬ 
tion  mode’  front  the  viewpoint  that  they  belong  to 
the  same  family  of  solutions.  For  the  self-propul¬ 
sion  mode,  a  two-dimensional  linear  theory  has 
been  pursued,  as  a  first  approximation,  by 
LighthUl  {1970  [6  })  and  Wu  {1971  [?])  in  their  study 
of  the  carangiform  motion  of  aquatic  animals  with 
lunate  tails.  An  important  concept  in  these  studies 
was  that  high  values  of  the  hydromechanic-J  effi¬ 
ciency  of  lunate-tail  movements  can  be  achieved 
with  an  optimum  combination  of  the  amplitude  ratio 
of,  and  phase  difference  between  the  modes  of  pitch 
and  heave,  a  goal  of  improving  speed  and  perform¬ 
ance  that  is  beyond  reach  by  either  mode  in  opera¬ 
tion  alone.  On  energy  consideration,  the  mean 
power  required,  P,  for  maintaining  a  specified 
motion  has  been  shown  to  always  exceed  the  work 
by  the  mean  thrust,  T,  at  the  rate  of  forward  speed 
of  swimming,  and  between  the  two  the  rate  of  loss 
of  mean  energy  feosvected  away  is  the  trailing 
sheet  of  cross-stream  elements  of  vorticity)  makes 
up  the  difference.  The  optimum  motion  was  evalu¬ 
ated  by  Wu  {197!  [  T}»  using  calculus  of  optimisation 
to  give  the  required  forward  thrust  {for  overcoming 
the  fluid  viscous  resistance)  with  the  least  possible 
power  input  (hence  the  least  energy  loss).  This 
line  of  analysis  is  readily  extended  to  evaluate  the 
optimum  power-extraction  mode,  as  will  he  dis¬ 
cussed  here. 

The  distinction  between  the  self -propulsion 
mode  and  the  power-extraction  mode  la  P  >  TU>  0 
for  the  former  and  0  >  P  >  TU  for  the  latter, 
where  U  is  the  free  stream  velocity  relative  to 


the  wing.  The  optimum  motion  is  found  to  depend 
on  two  dimensionless  parameters:  *-he  reduce  ' 
frequency  a{-  wf/U,  where  w  is  tho  angular  fre¬ 
quency  of  wing  oscillation,  i  the  senr-chord  len¬ 
gth)  and  the  specific-loading  factor,  Cq>  0  (a  coef¬ 
ficient  form  of  T  rated  at  unit  amplitude  of  heav¬ 
ing).  Detailed  investigation  of  the  characteristics 
of  the  optimum  motion  and  pertinent  physical  quanti¬ 
ties  in  terms  of  these  two  parameters  are  carried 
out,  with  the  aim  1,  to  examine  feasibility  of  the 
high  fluid  mechanical  efficiency  predicted  by  the 
optimum  solution,  and  2.  to  explore  the  range  of 
a  high  rated  power  output  (based  on  available  inci¬ 
dent  flux  of  wind  energy)  to  see  if  the  limit  imposed 
by  Betz  (1926  [1])  can  be  approached.  These  two 
factors  are  essential  to  a  successful  development 
of  thi's  type  of  stream-power  generator  (especially 
for  industrial  applications)  and  require  further 
study. 

The  present  rather  simplified  case  is  chosen 
to  elucidate  as  much  as  possible  the  basic  principles 
involved  and  to  provide  useful  results  as  a  guide  to 
more  complicated  situations,  with  prospects  for 
further  generalization  to  systems  of  multiple -blade 
configurations.  Many  important  physical  effects, 
such  as  those  of  flow  shear,  unsteadiness  and  turbu¬ 
lence  that  can  arise  in  practice,  are  not  considered 
here.  However,  from  the  previous  studies  of  Wu 
(1972  [8]),  Wu  and  Chwang  (1975  [9])  on  the  effects 
of  stream  waviness  for  the  self-propulsion  mode,  it 
may  be  expected  that  extra  energy  associated  with  a 
wavy  stream  can  also  be  extracted  (in  addition  to 
the  mean-flow  energy)  with  suitable  modification  of 
the  present  solution. 

2.  AN  OSCILLATING  RIGID- WING  STREAM- 

POWER  GENERATOR 

We  consider  here  the  fundamental  case  of  a 
rigid,  symmetric,  airfoil-shaped  blade  performing 
a  simple-harmonic  pitch-and-heave  movement  in  a 
prevailing  stream  (of  an  incompressible  fluid)  which 
is  assumed  to  be  otherwise  steady,  with  a  uniform 
velocity  U  along  the  x-axis.  The  lateral  displace¬ 
ment  of  the  wing,  y  =  h(x,  t)  in  time  t,  may  be 
written  in  the  basic  linear-parametric  form 

h(x,  t)  =  [i-  £  +  (4,+  i£2)x]elwt  ( |x|  <  1)  , 

°  (1) 

with  real  |Q,  Ij.lg  as  parameters.  Here  the  half¬ 
chord  length,  f ,  is  normalized  to  be  unity.  Ir.  the 
three-dimensional  parametric  space  |  —  (40,  4 1» 

(1)  represents  a  heaving  (taken  as  of  the  reference 
phase)  of  the  blade  with  amplitude  %0/Z  and  pitch¬ 
ing  about  the  midchord  point  with  amplitude  a  = 

(4j  +  at  a  phase  angle  dp  =  tan’^/lj 

with  respect  to  heaving.  This  parametric  form  is 
convenient,  because  of  its  linearity,  for  evaluating 
the  optimum  motion  by  wiiich  a  maximum  flow 
energy  can  be  extracted  from  the  prevailing  stream 
for  specified  streamwise  loading  on  the  wing. 

For  cetain  purposes,  such  as  when  lift  and 
moment  of  the  wing  and  their  separate  contributions 
to  power  output  are  evaluated  in  connection  with 
engineering  design  and  for  our  later  discussion  on 
stability  and  control  of  the  optimum  motion,  it  is 
desirable  not  to  limit  the  axis  of  pitch  to  the  mid¬ 
chord  point  as  prescribed  by  (1),  but  to  refer  both 
pitch  and  heave  to  an  arbitrary  axis,  say  x  =  b. 


y  =  0,  so  that,  alternatively, 

h(x,t)  =  [hQ+  cte^e*p”<*h^(x-b)]e^l“*+  ^h^,  (2) 

where 

ho  =  t<K^i>2  +  'b^1/2  • 

ah=  tan^tb^/^  +  blj)]  ,  (3) 

a  =  +  i|)1/2  ,  <*p  =  tan_I(§2/|j)  . 

Clearly,  the  heaving  phase  angle  Oifo  in  (2)  is  by  it¬ 
self  irrelevant  since  it  can  be  eliminated  by  a  shift 
of  the  time  origin.  If  b  is  further  taken  as  a  free 
parameter,  then  the  three  original  parameters, 

(£c,  4j»42)s  4  ,  and  the  three  new  ones, 

(hQ,  a,  Qip  -  Ct^)  s  ,  are  related  by  (3),  or  sym¬ 
bolically  q  =  q(4;b),  which  has  a  unique  inverse, 

4  =  4  (nib)  say,  provided  that  40  ''  0,  in  which 
case"  trie  two  representations  are  equivalent  to  each 
other.  As  a  point  of  further  clarification,  we  re¬ 
mark  that  if  the  solution  to  the  irrotatior.al  flow 
problem  is  obtained  in  terms  of  £  for  the  wing 
motion  prescribed  by  (1),  it  can  rfeadily  be  conver¬ 
ted  to  an  expression  in  q  with  a  free  choice  of  b, 
and  vice  versa.  The  choice  of  b  is  not  the  only 
free  one  that  keeps  (1)  and  (2)  equivalent.  In  fact, 
one  may  take  <*p  -  04^  as  arbitrary 

(-it  <  a'  <  it)  and  regard  (h  ,  Ci,  b)  as  three  inde- 
pendentiparameter s,  which  are  uniquely  related  to 
(4  ,  4Z).  In  particular,  for  a1  =  -it/2,  we  have 

Liglithill's  (1970  [6])  representation 

h(x,t)  =  [ho  -  ia(x  -  b)]elult  .  (4) 

Finally,  we  may  also  take  hQ  as  the  third  choice 
for  a  free  parameter,  leaving  (Ot,  dp,b)  uniquely 
related  to  (4C,  ^ )-  However,  since  thesi  new 
parametric  sets  are  nonlinear  in  their  expressions 
for  h,  it  i3  simpler  to  work  with  the  basic  form 
(1 )  in  our  variational  calculation  of  the  optimum 
motion. 

For  the  required  momentum  and  energy 
calculations,  the  basic  fluid  mechanical  theory 
based  on  two-dimensional  small-disturbance  as¬ 
sumptions  is  known  (Lighthill  1970  [6];  Wu  1971 
[7]);  we  recapitulate  the  results  to  facilitate  our 
subsequent  discussion.  In  terms  of  the  basic  form 
(1 )  of  wing  motion,  the  instantaneous  lift  L  and 
moment  M  about  the  mid-chord  point  (positive  in 
the  nose-up  sense)  are 

L/irpUl  =  -t(bQ+  bjjia  +iiobQ]  ,  (5) 

M/irpUf2=  -  |[(b0  +  bj_)  fe>-(l  +i  icr)b1]  ,  (6) 

bo  =  UU«j4o  +  2(4j  +  i£2)}  elU  ,  (7a) 

bj  =  Uicr(4j  +  i|2)ei"t  ,  <&(<r)=  F  +  iG, 

(7b) 

where  p  is  the  fluid  density,  cr  =  wf  / U  is  the 
frequency  based  on  half-chord  length  /  (i  =  1  by 
normalization),  and  F,  G  denote  the  real  and 


imaginary  components  of  the  Theodorsen  function 
e  .  Here  and  in  the  sequel,  the  real  part  of  a  com¬ 
plex  representation  is  meant  for  physical  interpre¬ 
tation,  as  denoted  by  a  square  bracket. 

In  generality  (not  limited  to  linear  approxi¬ 
mations  of  the  kinematics),  energy  consideration 
of  propulsion  or  energy  extraction  processes  in¬ 
volving  flows  of  an  inviscid  fluid  seeks  a  relation¬ 
ship  between  the  thrust,  T,  of  a  wing  (T  taken 
positivie,  or  negative,  when  directed  into,  or  along, 
the  main  stream),  the  power,  P,  required  for 
maintaining  the  motion  (P  taken  positive,  or  nega¬ 
tive,  when  it  is  supplied,  or  absorbed,  by  an  extra¬ 
neous  agency),  and  the  rate  of  imparting  kinetic 
energy,  hence  lost,  to  the  fluid,  E.  They  satisfy 
the  simple  relation 


P  =  TU  +  E 


(8) 


which  physically  means  that  mechanical  power  is 
required  just  tc  balance  the  rate  of  working  by  the 
thrust  and  the  rate  of  energy  loss.  In  the  present 
case  with  the  simple  geometry  of  an  oscillating 
rigid  wing,  the  thrust  is  given  by 


T  =  [L]( 9h/3x]  +  S  , 


(9a) 


S  np  [a/  ,  a^bj  -fl^  +  bjHMa)  , 

(9b) 

in  wnich  S  represents  the  leading-edge  suction. 
The  power  required  is  equal  to  the  rate  of  working 
against  the  lift  and  moment,  which  is 


F  =  [-L][ht(0,t)J  +  [M][hxt] 


(10) 


where  the  subscripts  x,  t  denote  partial  differen¬ 
tiation.  Finally,  the  rate  of  energy  loss,  E,  can 
be  calculated  from  the  net  work  performed  by  the 
surface  pressure  at  the  rate  of  local  flow  velocity; 
this  result  together  with  (9)  and  (10)  is  found  to 
satisfy  the  first  energy  principh  (8).  The  mean_ 
values  of  thrust  T,  power  P,  ancl  energy  loss  E 
(averaged  over  a  time  period)  will  be  given  in  the 
same  coefficient  form  as  used  by  VVu  (1971  £_7 ]_) 
for  propulsion  studies,  (Cp,  C_,  CT)  --  (P,  E.  TU;/ 

13  P  £.  x 

•^■TtpU  f,  with  the  result: 

cp=cT+cE  (11) 

Cp  =  <H%,  PI),  Cp  S  D(<t)(!,£  4),  (12) 

where  £  =  (l0>  ^  ^ 2 )  's  regarded  as  a  vector, 

denotes  the  inner  product  of  4  and  t,  > 

B(cr)  =  F  -  (F2  +  G2),  and  fP  and  C  are  3x3  sym¬ 
metric  matrices  with  elements 


Pn  =  oF,  Pjg  =  G+  ’2°  i  Pjj  =  F  -  aG  , 

(13) 

P22  =  P33  =  a(1-F)  “  2G  '  P23  =  0  * 


Q11  =  Q12  =a  '  °13  =  20  ’ 


^22  =  ^33  =  4  +  °  ’  ^23  =  0 


(14) 


The  above  Cp  is  a  non-negative  quadratic  form. 


as  can  be  seen  from  the  properties  that  B(o)  >  0 
for  all  a  and^that  the  three  eigenvalues  of  , 
namely,  0,  (o  +4),  (2o2  +  4),  are  non-negative. 
Therefore,  for  the  case  of  uniform  main  stream, 
C'p  ^  Cp • 

Clearly,  the  criterion  of  propulsion  is 
Cj  >  0,  so  that  a  sufficient  thrust  is  produced  to 
overcome  the  viscous  resistance  of  a  real  fluid, 
and  the  criterion  of  stream-power  extraction  is 
Cp  0,  which  means  a  net  power  being  extracted 
from  the  prevailing  stream  at  the  cost  of  available 
kine  ic  energy  of  the  fluid.  It  is  also  clear  that 
when  Cp  <  0,  Cx  <  Cp  <  0  but  numerically 
[ C-p  i  >  |  Cp  | ,  implying  that  while  energy  is  being 
extracted  from  the  main  stream^  the  wing  -  jst 
withstand  a  mean  drag,  D  =  -  T  >  0,  which  is  re¬ 
active  instead  of  resistive  in  nature,  and,  by  (8) 
and  the  property  E  2  0,  cannot  be  les_s  than 
j_P|/U  for  given  power  extraction,  -P  >  0.  When 
P  <•  0,  a  fluid  mechanical  efficiency  of  extracting 
flow  energy  can  be  defined  as 


q  =  P/TU  =  Cp/CT 


(for  Cr 


Cp  <  0)  . 


(15) 

So_this  »■  gives  a  measure  of  the  power  extracted, 
-P,  as  a  fraction  of  the  rate  of  working,  DU, 
against  the  reactive  drag;  the  latter  may  be  re¬ 
garded  as  the  power  required  to  create  the  main 
stream  by  moving  the  wing  through  the  fluid  orig¬ 
inally  at  rest.  (Note  that  for  the  propulsion  mode, 
0  <  Cf  <  Cp,  the  definition  adopted  for  the  effi¬ 
ciency  is  I)  =  Cf/Cp.  ) 

From  another  point  of  view  to  provide  a 
scale  of  the  power  that  can  be  extracted  from  the 
incident  flux  of  available  energy  in  a  prevailing 
stream,  we  will  also  introduce  a  'rated  power- 
output-ratio',  similar  to  that  first  introduced  by 
Betz  (1926  [1  }),  as 


'B 


-p/pav=-p/iduVi(r)Cp '  (16) 


in  which  P  is  the  total  power  available  in  the  in¬ 
coming  stream,  equal  to  the  incident  flux  of  kine¬ 
tic  energy  across  an  area  swept  by  the  wing  of  unit 
segmental  length  in  heaving.  For  the  present  pitch- 
and-heave  type  of  stream-power  generator,  this 
power  ratio  is  related  to  the  mechanical  efficiency 
by 


tlB=-*l2(r)CT 

o 


(CT<  0) 


(17) 


where  Cj  is  a  quadratic  function  of  (4  ,4, >4?) 
given  by  (11)  and  (12).  c 

Based  on  a  momentum  theorem  for  an 
actuator  disc  operating  at  an  ideal  condition,  Be 
(1926  [  1])  showed  that  the  maximum  power  that  i  m 
be  extracted  from  the  available  wind  energy  flux 
by  the  actuator  disc  is  P  =  — /1 6/27)  P  ,  and 

so  in  general 


max 


:-Pwav/Pa,  =  16/27  =  0.593  . 
max  av 


(13) 


Subsequent  theoretical  efforts  (e.  g.  Glauert  1935 
[3];  Hfitter  1977  [4])  have  shown  that  the  Betz 
limit  can  be  somewhat  increased  by  making  more 
accurate  corrections  to  the  original  simplifying 
assumptions.  On  the  other  hand,  there  have  been 
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various  practical  attempts  trying  to  surpass  this 
theoretical  limit  with  resort  to  the  so-called  'wind- 
concentrator'  concepts  such  as  by  employing  the 
front-nozzle-type,  diffuser-type,  rotor-tip- vane 
and  other  kinds  of  augmentation  (for  a  review,  see 
de  Vries  1979  [2]).  Nevertheless,  this  classical 
limit  has  served  well  as  a  useful  guide  to  assessing 
performance  of  windmills  and  their  more  recent 
variations,  most  of  which  can  achieve  no  better 
than  half  of  this  theoretical  maximum  of  Betz's. 

As  for  the  present  oscillating  wing  type  of  device, 
it  is  of  interest  to  analyze  the  optimum  condition 
under  which  high  values  of  both  the  fluid  mechani¬ 
cal  efficiency  and  the  rated  power-ratio  can  be 
achieved. 


By  extremizing  the  function  Cg=  Cp  -  k'Cp,  k* 
being  a  Lagrange  multiplier,  m  the  largest  common 
subspace  of  Cp  and  Cp,  we  obtain 

*1  =  XAl^o  *  ^2  =  *  <24> 

where  \  is  a  new  multiplier.  Upon  using  condition 
(19),  k  is  found  to  have  two  roots 

k,  1 

{-1  +  (1  +  A)1/2}  ,  (25) 


22 


where 


3.  THK  OPTIMUM  PITCH- AND-HEAVE  MOTION 


The  optimum- motion  problem  for  the  power- 
extraction  mode  is  to  find  the  optimum  set  of  4  = 
(4o,  Ip  42)  which  will  minimize  Cp  under  the-'" 
isoperimetric  condition  of  a  fixed,  negative  thrust 
coefficient, 


CT  =  CT  <0  , 
T  1,0 


(19) 


the  reduced  frequency  a  being  regarded  as  a  fixed 
parameter. 

This  problem  as  formulated  above  has  been 
solved  by  Wu  (1971  (7])  for  the  propulsion  mode 
with  Cp  q  assuming  positive,  instead  of  negative 
values  as  required  here;  the  solution,  howevei,  is 
just  as  applicable  to  the  present  case.  Lighthill 
(1970  [6])  also  discussed  the  important  features  of 
the  optimum  motion  of  lunate -tail  propulsion  by 
examining  the  effects  of  changes  in  value  of  the 
parameters  appearing  in  (4)  and  their  derived  ones 
with  a  view  on  enhancing  the  hydromechanical 
efficiency.  Here,  the  reason  of  choosing  to  speci¬ 
fy  negative  values  of  Cp,  rather  than  negative 
values  of  Cp  (which  would  be  sufficient  to  discuss 
power  extraction),  is  to  keep  the  same  basis  for 
discussion  and  comparison  (with  the  propulsion 
mode)  and  to  have  a  complete  scope  of  covering 
Ct,  especially  the  :  ange  of  Cj  <  0  and  Cp  >  0 
which  may  be  of  side  interest.  If  desired,  the 
two  bases  of  constant  Cp  and  constant  Cp  can 
be  mutually  converted  by  some  cross  interpolation. 
We  therefore  proceed  on  the  premise  of  (19)  by 
summarizing  the  analysis  for  the  power-extraction 
mode. 

First,  the  singular  nature  of  the  problem  as 
noted  earlier  (ascribable  to  the  property  that  the 
matrix  <0.  in  (12)  hac  a  zero  eigenvalue,  see  Wu 
(1971  [7])  is  removes  .y  the  transformation 

l0=(4+o2)4o,  42=;2-2o4o, 


(20) 


which  reduces  the  order  of  the  quadratic  form 
by  one,  giving 


°E 


CE 

=  B(cr)Q22(42  +  42) 

t 

(21) 

cp 

=  <?ip22<?,2  +  ?>2}  + 

2^A1 

l^l+  ’ 

(22) 

A1 

=  P12Q22~  °12P22 

* 

(23) 

A2 

=  P13°33*  Q 1 3 P3 3 

• 
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aP22  "  BQ22 


A  =CT,oT22<CT2  +  4>2/<aA)2 


(26) 


CT,  o  =  CT,  o(i/^o'  * 


A2  =  A2  +  A2 


These  roots  depend  on  two  parameters:  the  reduced 
frequency  a  and  the  'specific-loading  factor' 
(ratedatunit  amplitude  of  heaving),  Cp  0(<  0). 
Negative  values  of  C^.  provide  a  measure  of  the 
reactive  drag  loading  on  the  wing. 

From  the  known  property  of  T22(d)5  0 
according  as  a  2  a  =■  1.  781,  we  see  that  for  fixed 
Cp,  0  <  0,  A(<J,  Cp>0)  decreases  mor.otonically  from 
+  <*  as_o  increases  from  0,  reaching_0  ato  =  o  and 
when  Cp_0<  -9/16,  A<-1  for  a>  o*(C^-  D),  wh&e 
A(av,  Cj  0)  =  -1.  Thus,  there  exist  two  real  opti¬ 
mum  solutions  for  Of  o  S  o^;  the  upper  cut-off 
frequency  is  generally  very  large,  if  exists,  for 
nearly  all  cases  of  practical  interest  (0  >  Cpt  c>  -1 
say).  Within  this  frequency  range,  the  optimum 
motion  is  given  by  (20),  (24)  and  (25),  and  it  has 
two  branches,  In  the  first  of  the  two,  k  =  kj, 
which  is  always  negative  and  numerically  smaller 
than  kg,  and  corresponds  to  the  highest  efficiency 
attainable  under  condition  (19), 


n 

max 


°<P22X1  +  2) 
T22X1 + 


(0  <  cr  <o,f)  .  (27) 

The  other  branch,  with  k  =  k2,  gives  the  lowest 
efficiency  (with  kj  in  (27)  replaced  by  k2). 

The  numerical  results  of  these  two  extreme 
q's  are  shown  in  Fig.  1  for  several  negative  values 
of_  Cp,  D.  In  contrast  to  the  propulsion  mode 
(Ct  o  >  in  which  case  the  optimum  motion  has 
a  low-frequency  cut-off),  the  optimum  motion  of  the 
power-extraction  mode  (Cp  <  0)  exists  for  all  fre¬ 
quencies  up  to  a  high-frequency  cut-off  (all  too  high 
to  appear  in  the  figure),  though  the  maximum  effi¬ 
ciency  decreases  appreciably  with  increasing  mag¬ 
nitude  of  C t,  o1  The  lowest  efficiencies  are  seen 
to  be  all  negative,  which  signifies  the  need  of  an 
externally  supplied  power  (Cp  >  0)  while  still  with¬ 
standing  a  reactive  drag.  It  remains  to  be  seen  if 
this  particular  mode  of  motion  might  be  utilized  in 
nature,  such  as  by  a  bird  flapping  its  wing  forward 
to  retard  itself  quickly  for  landing  on  a  tree  branch 
or  by  a  fish  rowing  its  pectoral  fins  broadwise  to 
stream  to  stall.  In  the  sequel  only  the  maximum 
efficiency  branch  of  the  optimum  motion  will  be 
discussed. 
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Fig.  1  Maximum  and  minimum  efficiencies  of  a 
flow-driven  oscillating  wing  (stream-power 
generator)  that  extracts  flow  energy  while 
withstanding  a  reactive  drag  (given  in  coef¬ 
ficient  form,  -  Cf  Q).  The  lower  branch 
shows  the  inverse  of  minimum  efficiency. 

As  found  by  Lighthill  (1970  [6])  and  Wu 
(1971  [7])  for  the  propulsion  mode,  the  suction 
force  acting  on  a  well-streamlined  leading  edge  of 
a  well-feathered  oscillating  wing,  unlike  in  the 
steady-state  case,  is  no  longer  always  a  second- 
order  small  quantity  associated  with  small  inci¬ 
dence  angles  alone,  but  can  vary  with  frequency  to 
reach  great  values.  Such  drastic  changes  in  forces 
have  been  contended  to  suggest  a  likely  occurrence 
of  flow  separation  from  the  leading  edge,  causing  a 
wide  departure  from  the  alj-itlnchec  flow  assumed 
here.  For  the  power -extraction  inode,  Jl’2  ratio  oi 
the  mean  suction  coefficient  Cg  (which  is  the  meai. 
suction  force  nondimerj<'-icnalized  on  the  same  basis 
as  Cj)  to  the  reactive-drag  coefficient,  jCq-j,  is 
shown  in  Fig.  2  for  *ho  optimum  motion  of  the 
maximum  efficiency.  Quite  similar  to  the  resum¬ 
ed  the  propulsion  mode,  this  ratio,  for  a  fixed 
CT  0  <  0,  is  relatively  small  only  near  (u  m*n‘ - 
mum  at  a  =  OmtCq-  j  aiid  jrows  very  rapidly  as 
|o  -  am  |  increases.’  The  greater  the  specific¬ 
loading  factor  jCq-  0|,  the  higher  the  values  of 
both  of  the  minimum  of  the  ratio  Cg/  iCj  |  and  its 
corresponding  am.  This  latter  behavior  of  the 
leading-edge  suction  might  turn  out_to  impose  an 
upper  limit  to  the  loading  factor  |Cq-  0  |  and  in 
turn  to  the  rated-power  ratio,  qg,  as  will  be  dis¬ 
cussed  later.  This  is  a  point  of  significance  ar.d 
requires  further  investigation. 

To  give  a  complete  description  of  the  kine¬ 
matics,  the  magnitude  ratio  of  pitch-to-heave,  . 

Z  =  Za/i  ,  and  their  phase  difference  Ot  =  tan” 

p  o  P 

dj/lq),  are  shown  in  Figures  3  and  4  for  the  opti¬ 
mum  motion  (of  the  maximum  efficiency  branch) 
as  a  basic  case  of  reference,  in  which  the  axis  of 
pitch  is_taken  at  the  mid-chord  point.  For  each 
fixed  Cqy  o>  Zp  ^as  a  minimum  at  a  frequency 
somewhat  lower  than  o  =  om,  a  line  drawn  in  to 
signify  the  local  minimum  leading-edge  suction; 


Fig.  2  The  ratio  of  the  leading-edge  suction  coef¬ 
ficient  Cg  to  the  reactive  drag  coefficient 

iCT,oi'  <CT,c<0>- 


Fig.  3  The  pitching-to-heaving  amplitude  ratio 
ZQ(o,  Cq-  0)  with  reference  to  the  mid- 
cliord  point  as  the  axis  of  pitch.  The 
a  =  om  line  signifies  the  local  minimum 
leading-edge  suction. 

and  along  this  line  Zp  increases  rather  rapidly  as 
Cq-  Q  becomes  greater  in  a  magnitude.  From  Fig. 
4  we  see  that  for  power  extraction,  the  optimum 
pitching  is  at  a  nearly  constant  phase  lag  of  90  be¬ 
hind  heaving  for  a  <  0.  2  and  from  there  starts  to 
lag  more  behind  at  higher  frequencies.  It  is  of  in¬ 
terest  to  note  that  in  a  favorable  range  of  operation 
(a  narrow  belt  centered  at  the  o  =  am  line),  otp 
has  nearly  the  same  value  in  both  the  powei  -extrac¬ 
tion  and  self-propulsion  modes.  In  contrast,  we 
observe  that  for  equal  and  opposite  values  of  C^,  Q 
Zp  is  invariably  greater  in  the  power-extraction’ 


-833- 


{,  0- -2  5X10*' 


Fig.  4  The  phase  angle  <Xp(a,  Cx,  o)  of  pitching 
(about  the  mid-chord  point)  with  reference 
to  heaving;  negative  values  of  cfp  signify 
phase  lag. 

than  in  the  self-propulsion  mode  (for  the  latter  case, 
see  Wu  1971  [7],  Fig.  6). 

The  last  point  is  conspicuously  exhibited  by 
the  'proportional-feathering  parameter',  0  -  Ua/ 

<-h  ,  where  a  and  h^  are,  respectively,  the  am- 
pli?ude  o.  pitch  and  heave  defined  in  Lighthill's 
form  (4),  or  tc  put  in  the  present  notation, 

e  =  s  -  i  (tZ  a.  |*)/|  |  =  -  i  Z  esc  a  . 

c.h  o'- 1  ^2  3o52  up  P 

o  r 


By  comparison  between  b  of  the  optimum  power- 
extraction  mode,  as  shown  in  Fig.  5  and  the  corres¬ 
ponding  result  for  the  propulsion  mode  (see  Wu 


Fig.  5  Variation  of  the  feathering  parameter  0 
w>ith  the_reduced  frequency  a  and  loading 

factor  C_  . 

T,  o 

1971  [7],  Fig.  8),  we  see  the  important  distinction 
that  the  optimum  motion  is  characterized  by  sub¬ 
feathering  (0  <  1 )  in  the  latter  case  (C™  >  0)  and 
by  superfeathering  (d  >  1)  in  the  former1  (Cx  <  0). 
The  optimum  feathering  is  nearly  perfect  ( |  ©—  1  j«l) 
for  vanishingly  light  loading  (|C_  |-*0),  but 


progressively  departs  from  the  state  of  perfect 
feathering  (0=1)  as  the  specific-loading  increases 
in  magnitude.  Although  the  basic  characteristics 
of  sub-  and  super-feathering  of  these  different 
modes  can  be  explained  qualitatively  even  by  a 
quasi-steady  flow  type  of  argument,  the  precise  de¬ 
pendence  of  6  on  loading  and  frequency  om  seems 
crucial. 

4.  OPTIMUM  LOCATION  OF  THE  AXIS  OF  PlfCH 

As  has  been  explained  above,  the  optimum 
motion  expressed  in  the  basic  form  (with  pitching 
about  the  mid-chord  point)  can  be  represented  equi¬ 
valently  by  (2),  with  the  axis  of  pitch  referred  to  an 
arbitrary  point  (x  =  b,  y  =  0),  without  altering  the 
original  optimum  performance,  such  as  its  capacity 
of  power  absorption  and  its  efficiency.  Changes  in 
position  of  the  axis  of  pitch  do  not  change  the  lift, 
but  will  generally  alter  the  moment  and  the  rate  of 
working  by  the  lift  and  moment.  It  is  these  changes 
that  makes  the  choice  of  the  axis  of  pitch  a  point  of 
primary  interest. 

From  the  standpoint  of  engineering  design, 
the  problem  of  finding  an  optimum  axis  of  pitch 
must  include  two  main  factors  for  consideration; 

(1)  the  resulting  moment  is  required  to  be  self- 
stabilizing  so  that  sudden  increases  of  wing  inci¬ 
dence  in  a  gusty  stream  will  be  restored  to  design 
condition  rather  than  being  further  amplified,  and 
(ii)  the  manner  in  which  the  optimum  pitching  is 
controlled  depend  on  whether  the  moment  of  force 
is  passive  (flow-driven)  or  active  (exerted  by  an 
external  agency).  We  now  proceed  to  discuss  these 
two  aspects  with  special  reference  to  the  optimum 
motion. 

For  simplicity  of  application,  we  choose  the 
axis  of  pitch  at  a  fixed  point  x  =  b,  y  =  0.  Clearly, 
the  moment  about  this  new  axis  is  related  to  the 
lift  and  the  original  moment  (M,  about  x  =  0,  y  =  0) 
by 

Mb  =  M  +  bL  .  (29) 

If  we  require  that  the  mean  square  (averaged  over 
e.  time  period)  of  M^  be  minimum  (with  respect  to 
b)  at  b  =  b~,  we  immediately  find  that 


=  M  4  b  L 


*  _ T 

b  =  -  ML/L 


where  ML  and  L  denote  the  time  averages  of 
ML  and  L  ,  and  M*  is  the  minimum  of  the  root- 
mean-square  of  Mjj.  In  Fig.  6  the  numerical  val¬ 
ues  of  b*  (based  on  unit  half-chord  length)  are 
shown  for  the  optimum  mot;on  (of  the  maximum 
efficiency  branch).  For  the  various  values  of 
Cx,  o>  b-1  approaches  asymptotically  the  1 /4-chord 
point  (b*  =  -0.  5)  as  the  low-frequency  limit  and 
the  3/8-chord  point  (b*  =  -0.25)  as  the  high-fre¬ 
quency  limit;  between  these  two  limits  the  a  =  am 
line  (minimum  leading-edge  suction)  marks  a  grad¬ 
ual  transition  over  the  range  of  om  covered.  It 
is  a  point  of  significance  that  the  b~  -axis  lies  just 
behind  the  1 /4-chord  point  on  a  lightly  loaded  wing 
and  moves  only  slightly  backwards  (<  10% of  the 
chord  length)  with  increasing  loading  —  it  is  sig¬ 
nificant  because  the  b^-axis  may  be  regarded  as  a 
good  approximation  of  the  effective  center  of  pres¬ 
sure  evaluated  on  the  minimum  root-mean- square 
basis.  On  this  argument  we  may  conclude  that  it 
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Fig.  6  The  optimum  location  of  the  axis  of  pitch, 
x  =  b5',  y  =  0,  about  which  the  moment  of 
force  of  the  optimum  motion  has  its  mean- 
square  value  minimum. 

is  advantageous  in  practice  to  choose  the  axis  of 
pitch  at  the  1 /4-chord  point  for  the  optimum  power- 
extraction  motion  (or  at  some  point  between  b  = 
-1/2  and  b*  for  moderate  to  high  loadings,  but  the 
difference  in  performance  due  to  such  more  refined 
relocation  of  b  is  small). 

The  kinematics  of  the  optimum  motion  ex¬ 
pressed  here  in  the  new  form  with  b  a  b"‘  is  given 
by  (2),  which  is  now  characterised  by  two  new  pa¬ 
rameters,  the  pitch-to-heave  amplitude  ratio,  Zp  = 
a/h*  =  Zp(£0/2ho),  and  the  phase  difference  be¬ 
tween  pitch  and  heave,  Ctp  -  otp  -  Ct||  ,  in  which 
both  h£  and  Of£  are  given  by  (3 ),  now  incorporat¬ 
ed  with  the  optimum  values  of  £0»  tl<  ^2  and  with 
b  =  b'h  As  can  be  seen  from  Figures  7  and  8,  the 


Fig.  7  The  pitch-to-heave  amplitude  ratio,  Z£, 
when  pitching  is  about  the  b  '-axis. 

difference  between  Zp  and  Zp  is  very  small 
along  the  o  =  am  line.  At  the  same  time,  the 
phase  difference  between  heave  and  pitch  about  the 
new  ba-a:;5s  is  found  to  vary  from  90°  to  120°  along 
the  <J  =  om  line,  as  shown  m  Fig.  8,  a  variation 
which  is  somewhat  more  appreciable  than  in  the 


original  case  of  b  =  0  (see  Fig.  4). 

Sr 


Fig.  8 


The  phase  lag  of  pitching  (about  the  b*-ax- 
is)  behind  the  phase  of  heaving. 


V.fith  the  axis  of  pitch  changed  from  b  -  0 
to  b  =  b*  or  b  =  -1/2,  the  accompanying  changes 
of  the  moment  are  shown  in  Fig.  9  for  the  opti¬ 
mum  motion  at  three  values  of  the  loading  factor 
Ct,  o  and  at  their  corresponding  frequencies  cf 
om.  The  force  and  the  moments  are  represented 
by  their  specific-coefficients  defined  as 

=  L/(itiPU2fgo)  ,  (31a) 

(  <2  fa,  1/4)  = 

(M,M+b*<L,  M-ifL)/(|p'l3f2eo) 


These  coefficients  are  referred  to  a  unit  amplitude 
of  heaving  of  the  mid-chord  point  as  a  common 
basis.  Several  interesting  features  are  noted 
from  this_ quantitative  comparison.  First,  for 
b  =  b  Gfa  attains  the  smallest  possible  ampli¬ 
tude  of  all  the  moment  coefficients  (with  respect 
to  change sQin  b)  and  a  nearly  constant  phase  differ¬ 
ence  of  90°  from  that  of  Q  _whereas  the  phase 
difference  between  and  ^Me  is  appreciably 

smaller  (from  60  down  to  45°).  _  Further,  the 
difference  between  (5*^  and  (Jj^  ] is  seen  to 
be  very  small  at  light  loadings,  and  they  become 
more  differentiated  only  at  higher  values  of  0. 
This  small  difference  makes  the  1 /4-chord  point 
a  desirable  choice  as  the  design  axis  of  pitch  since 
it  satisfies  the  dynamic  stability  criterion  at  all 
levels  of  drag  loading. 

To  exhibit  the  overall  behavior  of  the  lift 
and  moment  that  result  from  the  optimum  motion 
at  arbitrary^ frequencies,  the  root-mean- square 
values  of  C  and  (J®^  are  shown  versus  o  jn 
Figures  10  and  11.  This  result  indicates  that  Q ^ 
decreases  whereas  increases  as  the  reduced 

frequency  a  is  increased  across  a  ,  which  infers 
that  the  component  of  power  delivered  by  the  lift 
decreases  whereas  that  by  the  moment  increases 
as  a  is  increased  in  the  neighborhood  of  om. 

This  naturally  leads  into  the  second  ques¬ 
tion  concerning  whether  the  moment  is  passive  or 
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Fig.  9  The  specific-moment-coefficients  of  the 
optimum  motion  at  a  =  «m<Cj,  o,:  <-'M0 
(about  the  mid-chord  point),  Q (about 
the  b^-axis),  and  (jmI/4  (a^2ut  t*le 
chord  point)  are  shown  with  (J  over  a 
time  period. 

or  active.  To  find  the  answer,  we  decompose  the 
total  power  required  (taken  positive)  or  absorbed 
(negative)  into  two  components  contributed  separate¬ 
ly  by  the  lift  and  moment  according  to 

P=PL+PM  '  (32a> 

PL= -[L][ht(b.t)]  ,  PM  =  lMb][hjtt]  , 

(32b) 


Fig.  1 1  Variation  of  the  root-mean-square  of  the 
specific-moment-coefficient  £?  (about 
the  b'-axis)  versus  the  reduced  frequency 
o . 

coefficient  form. 


ft  =  a  * 
L-P  '"PL 


(33a) 


'-PL' 


'■  PM1  =  CP'  PL’  P) 


4*PuW)  -  (33b, 

The  time  mean  value  of  ft  denoted  by  Cp»  is 
related  to  the  mean  power  coefficient  defined  prior 
to  (11)  by 

T 

cp  =  !^cp,  cp=ij  5p<tWt  . 

C 

t  being  the  time  period  (=  2tr/t*|. 


where  Ml  is  given  by  (29),  or  to  put  in  the  specific- 


(34, 


i[i,fji  I,  •• . lijfMym 


_  In  Fig.  _12,  the  numerical  results  of  S 
Q  PM  an<*  3  P  are  sho%vn  for  b _=  b"  and  o  =  am 
corresponding  to  three  values  of  C-p  0._  We  note 
that  the  power  components  3pL  anc^  c  p\j  are  al¬ 
most  in  phase,  while  the  amplitude  ratio  of  |  Q  p^j  I 
/  |  5" p>  j  increases  with_increasing  loading  (eoual 

to  0.  0  5,  0.  11,  0.24  at  CT  Q  =  10'^,  I  O'2,  1  O' *. 
respectively).  More  significantly,  with  b  =  b'-, 

£?  pm  is  virtually  all  positive,  implying  that  the 
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12  £?p  =  C  pL  4  CpMi  contribution  to  the 

instantaneous  specific-power-coefficient 
from  the  lift  and  moment  (about  the 
b°-axis)  over  a  cycle  of  the  optimuni_ 
motion  -  with  the  scale  referred  to  |C_ ;. 


corresponding  moment  is  never  passive  (not  flow 
driver.)  because  external  power  is  required  to  pro¬ 
vide  the  given  rate  of  working  against  the  fluid  dyn¬ 
amic  moment  of  force.  We  can  therefore  conclude 
that  the  pitching  of  the  optimum  motion  is  stable 
when  the  axis  of  pitch  is  taken  at  b  =  b®.  This 
situation  is  scarcely  changed  when  pitching  is  shift¬ 
ed  to  the  1 /4-chord  point  but  is  somewhat  weakened 
when  pitching  is  kept  at  the  mid-chord  point  (results 
not  shown).  In  practical  application,  the  power  re¬ 
quired  for  maintaining  pitching,  (?pM»  can  kc  SUP* 
plied  by  diverting  a  part  of  the  power. absorbed  by 
the  oscillating  lift,  (JpL.  to  offset  (?p^,  and  this 
is  at  no  expense  to  the  total  power  output  as  previ¬ 
ously  determined. 

5.  THE  RATED  POWER  OUTPUT 

Our  ultimate  interest  is  of  course  to  ascer¬ 
tain  a  theoretical  upper  limit  to  the  amount  of 
power  that  can  be  extracted  from  the  available 
stream  energy.  To  investigate  this  important  lim¬ 
itation  we  first  rewrite  the  relation  (1?)  for  the 


optimum  motion  with 


-  y2  r-. 


and  noting 


-  £  n(-j  i 
2  1  m 


EC—  ).  c  — 
t  T,  o  T,  c 


'-'V/)CT.o 


(C_  <  0)  . 

T.o 


Since  n(5r-v  Cq->0)  is  seenjfrom  Fig.  1 )  to  be  a 
slowly  varying  function  of  CT  ol_  true  at  least  for 
Cp,  o  not  too  large,  and  since*  Ct,  o  is  by  defini¬ 
tion  independent  of  £  for  the  optimum  motion,  it 
follows  that  the  rated-power-output  ratio,  tjq,  is 
linearly  proportional  to  §  /I .  This  seems  to 
imply  that  r.g  could  be  increased  by  taking  greater 
and  greater  values  of  §  il  .  However,  the  present 
linear  theory  is  not  sufficient  to  determine  if  there 
exists  an  upper  limit  to  £  H  beyond  which  the 
optimum  motion  becomes  infeasible. 

On  the  other  hand,  if  we  adopt  a  momentum 
theorem,  similar  to  that  used  by  Betz  (1926  [i]), 
with  the  simplifying  assumption  that  the  surface, 
of  area  |  x  l,  swept  by  the  hea%’ing  wing  of  unit 
span  may  %e  regarded  as  an  actuated  disc  across 
which  a  uniform  pressure  jump  can  be  sustained, 
then,  as_can  readi’y  be  shown,  the  mean  reactive 
drag,  -T  ,  cannot  exceed  (1/2)  pU^|  .  Putting  this 
upper  limit  in  the  coefficient  form,  we  have 

0  <  -f/(ipu\)  =  -  |<S0/t  )CT>  o  v  1  .  (36) 

Under  this  condition,  it  appears  possible  for  Tjg 
to  approach  the  hydromechanical  efficiency  q. 
However,  the  validity  of  the  inequality  (36)  seems 
open  to  question  in  view  of  its  over-simplified 
assumptions  used. 

As  an  example  to  give  a  plausible  estimate 
of  the  upper  limit  to  ijg,  we  provide  the  following 
table  with  entries  derived  from  Fig.  1,  2  and  equa¬ 
tion  (35)  together  with  the  values  of  £  /I  assumed 
in  line  with  (36). 


c_ 

T.o 

0 

m 

Cg/  |wTI 

q 

V* 

-0.  05 

0.37 

0.  53 

0.84 

7.  6 

0.5 

-0.  1 

0.  44 

0.  68 

0.  77 

5 

0.6. 
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In  this  connection  we  may  remark  that  in  the  experi¬ 
mental  study  by  Lang  and  Oaybell  (1963  [5] }  on  the 
tail  fluke  movement  of  a  cruising  porpo'se,  values 
of  |  H  as  high  as  8.  3  were  observed,  and  they 
were  used  by  Wu  (1971  [7])  for  evaluating  the  pro¬ 
pulsive  efficiency. 

In  the  present  discussion  on  power  extrac¬ 
tion.  the  effects  of  viscosity  and  nonlinearity,  and 
those  other  factors  that  may  play  a  significant  role 
in  causing  leading-edge  separation  under  high  load¬ 
ings,  and  possibly  imposing  an  ultimate  limitation 
to  113,  have  not  been  pursued.  The  importance  of 
these  effects  cannot  be  assessed  in  full  without 
further  study. 
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NOMENCLATURE 


a  ,  b 
b°  n 


A 

A1>A2 

B(o) 

cE,cp,cr 

^L*  ^Mq'  ^M  '  1 
^P*  ^FL*  ^PM 


complex  coefficients 
variable  pitching  axis,  x=b,  yrO 
value  of  b  rendering  the  mean 
square  of  the  moment  minimum 
A^=A*+A* 

functions  of  a  defined  by  (23) 

F  -  <F2+G2) 

mean-value  coefficients  of  energy 
loss,  power,  and  thrust,  respec¬ 
tively 


F(o ),  G(<J) 
h(x, t) 
h 


M.  =M-bL 


pl,  P.M 


S 

T 

t 

U 

(x.  y) 

Z  =  2a/£  - 

p  'O 

Z~  =  a/h° 

p  o 

a 

ah’  aP 

S0'^l*^2 

ft t 
'°' _.1_2 
-,=P/TU 

VP/Pav  * 

?  =  ua/uh0 

<5- (a)  =  F  ~iG  - 

V  X2  ‘ 

P 

0  =  wf/U 

3  =  (CT  J  - 

m  T,  o 


y  .  ,  -  specific  lift  and  moment 

coefficients,  defined  in  (3 1) 
-  instantaneous  specific  power 
coefficients,  defined  in  (33) 
mean  specific-power  coefficient 

S/f-^-rpU  t ),  mean  leading-edge- 

suction  coefficient 

Cx,  o/§q»  specific-loading  factor 

energy  imparted  to  fluid;  E,  its 

mean 

real,  imaginary  part  of  (S'(o’) 
wing  displacement,  in  y-directlon 
heaving  amplitude  of  the  b-axis  of 
pitch 

value  of  h  when  b  :  b 
o 

half-chord  length  of  wing  (t  -  1 ) 
lift 

moment  of  force  about  mid-chord 
point 

moment  about  x  =  b,  y  =  0 
least  root-mean-square  of 
power  required  for  maintaining 
wing  motion;  P,  its  mean 
power  required  associated  with 
L,  M 

power  available  in  incident  flux  of 
flow  energy 

two  3x3  matrices  with  elements 
Pjj,  Qjj  defined  in  (13) 
leading-edge  suction  force 
thrust  force,  T  its  mean  value 
the  time  variable 
free  stream  velocity 
a  rectangular  coordinate  system 
pitch-to-heave  magnitude  ratio, 
pitching  about  mid-chord  point 
value  of  Z  with  b  =  h 

p 

angular  amplitude  of  pitching 
phase  angle  of  heaving,  pitching 

parameters  of  wing  motion 

parameters  defined  by  (20) 

fluid  mechanical  efficiency 
rated  power-output  ratio 

proportional  feathering  parameter 

the  Theodorsen  function 

Lagrange  multipliers 

real  coefficient,  defined  in  (26) 

fluid  density 

reduced  frequency 

value  of  a  for  minimum  leading- 

edge  suction  at  given  Cj  q 

circular  frequency  of  wing 
oscillation 
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Discussion 


W.  van  Gent  (NSMR; 


The  author  is  studying  the  power  ex¬ 
traction  from  flow  by  one  lifting  surface. 
This  is  meant  to  be  a  starter  for  multiple 
blade  systems.  Does  not  he  think  that  the 
wellknown  cycloidal  propeller  with  many 
blades  (vertical-axis  propeller)  is  a  much 
closer  approach  to  this  problem?  I  think 
in  the  present  environment  of  ONR  the  know¬ 
ledge  of  this  type  of  propulsion  is  also 
readily  available  in  the  turbine-mode.  Is 
the  author  willing  to  comment  on  this  ? 


J.N.  Newman  (MiT) 


Professor  Wu  has  treated  us  to  a  bril¬ 
liant  exposition,  describing  the  absorption 
of  energy  from  a  steady  moving  fluid  by  an 
oscillatory  lifting  surface.  The  converse 
problem  arises  in  the  field  of  wave  energy, 
where  a  Wells  turbine  is  used  to  extract 
energy  from  an  oscillatory  air  stream. 
Idealizing  the  latter  problem,  we  may  en¬ 
visage  the  steady  horizontal  translation 
of  an  uncambered  lifting  surface,  through 
a  fluid  with  vertical  oscillatory  velocity. 
The  resultant  oscillatory  inflow  angle  gen¬ 
erates  a  mean  positive  thrust  on  the  lift¬ 
ing  surface,  with  resulting  power  output. 
I’rofessor  Wu's  comments  on  this  converse 
problem  would  be  most  enlightening. 


Author’s  Reply 


T.Y.Wu(CiT) 

I  very  much  appreciate  Dr.  van  Gent's 
comments  regarding  possible  variations  of 
the  pitch-and-heave  mode  that  I  have  just 
discussed  with  an  intent  to  have  it  serve 
as  a  basic  case  study.  As  briefly  men¬ 
tioned  in  the  paper,  our  research  is  con¬ 
tinuing  to  explore  other  alternative  modes 
of  operation,  including  recking  blades, 
multiple  oscillating  blades  and  vertical- 
axis  rotating-prooeller-like  stream  power 
generators.  The  last  mode  is  being  inves¬ 
tigated  by  roy  student  Jean -Luc  Cornet  with 
primary  objectives  to  analyze  the  optimum 
motion  for  stream  power  extraction  and  to 
evaluate  the  stability  and  control  of  the 


motion.  With  special  reference  to  these 
aspects  and  the  previous  work  by  Edwin  C. 
James  (Ref.l)  ,  new  operational  parameters 
arise  in  our  investigation  of  the  power 
extraction  mode  and  appear  to  require 
further  study.  In  the  present  state  of  the 
art,  I  feel  that  our  knowledge  is  stilx 
insufficient  for  us  to  draw  an  overall 
judgement  on  the  superiority  of  any  one 
operational  mode  with  respect  to  such  major 
factors  as  the  hydromechanical  efficiency, 
cost  effectiveness,  and  safeguard  (which 
we  wish  to  emphasize  for  operations  in 
water  streams)  of  both  marine  lives  and 
generator  blades. 

In  regard  to  Professor  Spsrenberg's 
theory  of  actuator-disc  optimum  propulsion, 

I  think  that  practical  applications  of  his 
basic  theory  to  power  generating  operations 
certainly  seem  to  be  feasible,  but  would 
require  further  effort  in  design  and  en¬ 
gineering  development. 

Professor  Newman's  question  brings 
up  a  valuable  extension  of  the  present 
scope  to  consider  the  performance  of  u 
Wells  turbine  operating  in  an  oscillatory 
unidirectional  stream.  My  first  reaction 
to  this  problem  is  that  the  hydromechanical 
efficiency  of  the  "Wells-type  turbine"  can 
be  considerably  improved  by  giving  the 
turbine  blades  an  additional  degree  of 
freedom  in  pitching  (which  it  now  lacks) 
and  by  having  the  pitch  motion  optimized 
with  respect  to  the  oscillatory  stream. 

I  am  greatly  indebted  to  Professor  Newman 
for  bringing  this  interesting  problem  to 
our  attention  and  wish  to  offer  my  opti¬ 
mism,  to  those  interested,  that  one  cm 
obtain  the  solution  to  the  optimum  motion 
for  this  case  by  following  the  approach  of 
this  preliminary  study  and  an  earlier  paper 
by  myself  (Ref. [8],  cited  in  text)  which 
deals  with  the  optimum  extraction  of  flow- 
energy  from  a  wavy  stream  for  the  purpose 
of  propulsion. 

Finally,  I  think  it  is  important  that 
our  Session  Chairman,  Professor  Ogilvie, 
raises  the  question  on  the  value  of  study¬ 
ing  the  optimum  motion,  for  this  immediate¬ 
ly  brings  together  the  hydromechanical 
problem  with  the  economic  aspects  of  a  nev 
industrial  development  whose  success  must 
depend  on  its  prospect  in  winning  competi¬ 
tion  over  existing  sources  of  commercial 
power.  Further,  it  is  also  essential  that 
we  should  tap  energy  from  natural  resources 
with  the  least  perturbation  of  our  natural 
environment,  lest  we  may  face,  in  time, 
some  undesirable,  unforeseen,  but  inevitable 
consequences  to  inefficient  handling  of 
natural  resources  to  such  an  extent  that 
results  in  unbeneficial  changes  in  the 
climate,  land  conservation  and  the  courses 
of  ocean  streams. 
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ABSTRACT 


A  theory  is  given  herein  for  the  ab¬ 
sorption  of  wave  energy  by  means  of  a  sym¬ 
metrical  body  with  wave  energy  conversion 
systems  oscillating  in  a  sinusoidal  wave, 
conditions  for  achieving  a  complete  wave 
energy  absorption  were  derived  from  the 
expressions  for  complete  wave  absorption. 
Moreover,  as  a  practical  application  of  the 
theory,  two  new  wave  energy  absorbing 
devices  were  proposed  and  theoretical  cal¬ 
culations  and  model  tests  were  carried  out 
on  the  wave  and  wave  energy  absorption  of 
regular  and  irregular  waves.  Results  of 
the  experiments  agreed  well  with  the  theo¬ 
retical  calculations.  Moreover  the  results 
of  the  model  tests  verified  a  complete  wave 
energy  absorption. 

NOMENCLATURE 


AR 

At 

B 

Cm 

Ct 

C»i 

C* 

c2'  c3 

D,  D,,  D3 
Ei  * 

F:j  ,f$ 


m 

!i;(K) 

1 


amplitude  of  reflected  wave 
amplitude  of  transmitted  wave 
breadth  of  floating  body 
reflection  coefficient 
transmission  coefficient 
coefficient  of  Eq.  (12) 
group  velocity 

hydrostatic  restoring  coeffi¬ 
cient 

determinant  of  Eq.  (12) 
wave  exciting  force  in  i-th 
direction 

hydrodynamic  force  in  i-th 
direction  caused  by  j-th  mode’s 
oscillation,  Eq.  (10) 
gravitational  acceleration 
metacentric  height  above  C.G. 
Kochin  function  of  i-th  mode’s 
oscillation 

mass  moment  of  inertia  of  the 
body 


K 

M 


R; 


A. 

Pi 

Pi 

PI 

P 

Sto) 


) 


l 

w 

Xi 

<3 

Al 

% 

Z* 

Ci 

% 


X 

s 

tO 


unit  of  imaginary 
wave  number  =  2  iC/K 
mass  of  the  body 
normal  vector 

reaction  force  in  i-th  direction 
absorbed  power  in  regular  wave 
power  of  incident  regular  wave 
absorbed  power  in  irregular  wave 
power  of  incident  irregular  wave 
pressure  on  the  surface  of  the  body 
incident  wave  energy  spectrum 
restoring  coefficient  cf  energy 
absorbing  system 
girth  length  of  the  body 
time 

electric"  power  absorbed  by  generator 
amplitude  of  i-th  mode  oscillation 
displaced  volume 

distance  between  two  wave  height 
meters  (Fig.  4) 

mass  or  mass  moment  of  inertia  of 
energy  conversion  system 
amplitude  of  incident  wave 
displacement  of  i-th  mode  oscilla¬ 
tion 

surface  elevation 

efficiency  of  wave  power  absorption 
*  1~0?  -cl 

efficiency  of  wave  power  conversion 
damping  coefficient  of  energy  con¬ 
version  system 

radius  of  gyration  in  rolling  osci¬ 
llation 
Wave  length 
mass  density  of  fluid 
circular  frequency 


i-  ju jjTRODljCl'ION 

Recently  many  studies  have  been  made 
concerning  the  utilization  of  wave  energy. 
The  ^avC'ACtivated  Generator  is  one  practi¬ 
cal  application  of  wave  energy.  Masuda(l) 
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invented  this  device  in  1965  and  Ryokusei- 
sha  put  it  into  practical  use.  McCormick 
12] ,  {3]  developed  theoretical  analysis 
of  the  pneumatic  wave-energy  conversion 
bouy  system  and  the  results  of  his  analysis 
agreed  with  the  experiment  lesults  of 
Hasuda.  Contrary  to  these  studies,  Isaacs 
14]  invented  a  wave  powered  pump  which  con¬ 
verts  wave  energy  into  water  pressure  that 
accumulates  in  an  accumulator  tank  and 
which  activates  a  hydraulic  turbogenerator 
when  the  water  pressure  is  released  from 
the  tank. 

Independent  of  these  practical  appli¬ 
cations  of  wave  energy,  Milgram  {5]  inves¬ 
tigated  the  problem  of  absorbing  two- 
dimensional  water  waves  in  a  channel  by 
means  of  a  moving  terminator  at  the  end  of 
the  channel.  Though  the  object  of  his 
study  was  to  devise  and  develop  a  self- 
actuating  wave-absorbing  system,  his  idea, 
to  generate  a  radiation  wave  that  is  exact¬ 
ly  opposite  to  the  reflected  wave,  could 
be  easily  extended  to  the  problem  of  achie¬ 
ving  wave  energy  absorption  through  the  use 
of  an  oscillating  body  with  wave  energy 
conversion  systems.  As  just  such  an  exten¬ 
sion  of  Milgram's  idea,  Bessho  developed 
a  theory  for  achieving  wave  and  wave  ener¬ 
gy  absorption  by  means  of  a  symmetrical 
body  with  wave  energy  conversion  systems 
oscillating  on  a  free  surface  and  his  theo¬ 
ry  was  read  at  the  second  s ubcoimi ttee  of 
Japan  Towing  Tank  Corraittee  in  1973. 

In  1976,  Evans  [6]  carried  out  a  theo¬ 
retical  study  on  predicting  the  absorption 
of  wave  energy  by  means  of  a  damped,  osci¬ 
llating,  and  partly  or  completely  submerg¬ 
ed  body.  He  derived  expressions  cn  the 
efficiency  of  power  absorption  for  the 
case  where  the  body  is  a  two-dimensional 
cylinder  oscillating  in  either  s  single 
code  or  in  a  certain  combination  of  two 
modes  and  when  the  body  is  a  heaving  half- 
immersed  sphere.  In  1978,  Count  [7]  appl¬ 
ied  Evans*  theory  to  a  two-dimensional 
asymmetrical  wave  power  device  and  made  a 
comparison  between  the  calculated  and  mea¬ 
sured  efficiencies  of  a  Salter  duck. 
Recently  Srokosz  and  Evans  18]  investigated 
the  problem  of  two  arbitrary  cylinders 
oscillating  independently  and  capable  of 
absorbing  energy  in  a  single  mode  from  a 
given  incident  wave. 

Contrary  to  these  studies  on  the  two- 
dimensional  problem  of  wave  energy  absorp¬ 
tion,  the  recent  theoretical  studies  were 
directed  on  the  efficiency  of  three  dimen¬ 
sional  wave  energy  absorption.  Budal  and 
Falnes  19]  began  a  study  on  a  resonant 
point  absorber  and  defined  pwer  absorp¬ 
tion  length  in  1975.  Budal  flO]  also 
theoretically  analyzed  a  wove  power  absor¬ 
bing  systeias  that  consists  of  a  number  of 
rigid,  interspaced,  oscillating  bodies  in 
1977.  Using  slender- body  approximation, 
Jiewman  [11]  provided  a  rough  analysis  of 
the  maximum  rate  of  wave  energy  absorption 
by  a  flexible  or  hinged  raft. 

The  present  paper  is  intended  to  out¬ 
line  Bessho* s  theory  and  to  show  the 


results  of  theoretical  and  experimental 
studies  conducted  on  the  two  new  wave 
energy  conversion  devices  which  were  deve¬ 
loped  as  a  part  of  results  of  EessSio's 
theory. 

On  the  contrary  to  other  theories, 
his  theory  was  developed  by  using  the 
condition  for  complete  wave  absorption, 
which  is  substantially  similar  to  the  con¬ 
dition  for  achieving  100%  wave  energy  ab¬ 
sorption.  Following  to  his  theory,  it  is 
shown  in §2  that  the  complete  wave  and  wave 
energy  absorption  can  be  attained  in  the 
cas i  when  the  floating  body  with  energy 
conversion  systems  oscillates  in  its  natural 
period  and  the  damping  coefficients  of  the 
energy  conversion  systems  are  the  same  as 
the  one  of  the  wave  diffraction. 

One  of  the  two  new  wave  energy  conver¬ 
sion  devices  is  moored  at  dolphins  in  sha¬ 
llow  waters  (abbreviate  as  "Dolphin  Type") 
and  the  other  is  moored  by  chain  in  the 
deep  sea  (abbreviate  as  "Chain  Type*}. 

In  the  case  of  the  “Dolphin  Type",  a  half- 
immerred  symmetrical  body  oscillates  in 
only  two  modes,  heaving  and  rolling,  and 
the  swaying  notion  is  constrained  so  that 
100%  wave  energy  absorption  may  be  attained. 
In  the  latter  case,  since  the  floating  sym¬ 
metrical  body  oscillates  in  three  modes, 
complete  wave  energy  absorption  is  not  yet 
completed.  The  results  of  the  theoretical 
and  experimental  studies  made  on  these  two 
devices  are  described  in  S3  and  S4.  Ksve 
absorption  achieved  by  the  "Dolphin  Type" 
in  the  case  of  irregular  waves  is  discussed 
in  $5.  The  experimental  daea  is  also  giveiv 

2.  THEORY  OF  KAVE-EKERGT  ABSORPTION 

2.1.  Formulation 

Two-dimensional  motions  are  considered 
and  cartesian  co-ordinates  (x,  y)  are 
chosen  as  shown  in  Fig.  1.  It  is  assumed 
that  the  fluid  motion  is  inviscid  and  in¬ 
compressible,  and  that  the  resulting  osci¬ 
llatory  motions  are  linear  and  harmonic. 

irorerretted  reftechxi  incident 


Khen  a  body  oscillates  in  a  incident 
wave  of  unit  amplitude,  the  amplitudes  of 
the  reflected  and  transmitted  wave  far 
from  the  body  can  be  expressed  as: 

A»-*K£XjHjOQ 

I** 

AT  =  i*iK£xiHiby 

where  K  =  wave  number  =  2X/*_ 


(2) 


Xj  =  amplitude  cf  j-th  node  oscilla¬ 
tion 

X4  =  1/E 

HltK)  =  Kochin  function  of  j-th  rode 
1  oscillation 

Here  j  =  1,  2,  3  refer  to  sway,  heave, 
roll,  respectively,  and  j  =  4  refers  to 
diffraction  of  incident  wave  by  the  fixed 
body,  when  the  body  is  fixed  in  a  incident 
wave,  the  expressions  for  the  reflected  and 
transmitted  wave  Cl)  and  (2)  be cone: 


Ah  —  i  HaOO 
At  -  I  *  *  HIM 


{3) 

(*) 


These  waves  nay  be  called  as  the  scattered 
waves  and  can  be  considered  as  the  sun  of 
the  symaetrical  and  asymmetrical  waves 
progressing  to  far  away  from  the  body.  On 
the  other  hand,  if  the  floating  body  has  a 
symmetrical  sectional  torn,  the  heaving 
notion  generates  a  symmetrical  radiation 
wave  and  the  swaying  or  rolling  notion 
generates  an  asymmetrical  radiation  wave. 

Using  the  characteristics  of  the 
Xechin  functions  for  a  symmetrical  body 
CSee  Appendix  I,  (A. 14)  -  (A. 17)),  the 
symmetrical  and  asymmetrical  components  of 
the  scattered  wave  can  be  expressed  as 
following. 


A*  f  Am  *2.*KX»Hi 


IS) 

(6) 


As  above  mentioned,  the  conditions 
for  the  complete  wave  absorption  are: 


A* +  flT  =0 

Ar  -  At  -  ° 


(7) 

(8) 


If  we  can  realize  such  notions  that 
satisfy  the  equations  *?)  and  (8)  by  add¬ 
ing  suitable  wave-energy  conversion 
system,  the  symmetrical  and  asym»tr*cal 
radiation  waves  cancel  out  each  components 
of  the  scattered  wave  respectively  due  to 
interference.  In  other  words,  the  inci¬ 
dent  wave  is  completely  absorbed  and  con¬ 
sequently  wave  energy  absorption  can  be 
completely  attained. 


2.2.  Equations  of  Motion 


Under  the  assumptions  that  the  res¬ 
ponses  are  linear  and  harmonic  and  that 
the  sectional  form-  of  the  floating  body  is 
symmetry,  the  equations  of  notion  can  be 
written  as: 


where  $i  is  a  displacenent  of  i-th  node’s 
notion.  Fij  is  hydrodynamic  force  in  i-th 
direction  caused  by  j-th  node  of  notion, 

C:  is  restoring  coefficient,  £i  is  wave 
exciting  force  in  i-th  direction,  and  R£ 
is  reaction  force  in  i-th  direction  acting 
=n  the  floating  body  from  the  energy  ab¬ 
sorbing  system.  5i ,  Fy  ,  and  Ei  can  be 
written  as  follows: 

F)J«  SafXjfoe** 

-UMi+'ky**  U0) 

E£« 

Xt  is  assured  that  the  wave  energy 
absorbing  system  operates  independently 
with  respect  to  the  symmetrical  and  asymme¬ 
trical  node  of  notion,  the  reaction  forces 
At  can  be  expressed  as  follow!-. g: 

(11) 

Substituting  the  expressions  (10)  and 
(11)  into  the  equations  (9),  and  abbreviat¬ 
ing  the  term  e"*#  the  equations  of  notion 
become: 

csX,  *c.,x3  -  w:m/k 


«  h;oo/k  (i2) 

C*»X;  •*  CjbXj  =  H3C«0/k. 

Cr*  s*»/tc  -*  (  HV  '*  j 

C»-  -s^lrtloof} 

The  solutions  of  equations  (32)  can 
be  easily  obtained  and  written  as: 

kx.-r/o 

KX,-H,*00/c»  (141 

KXi  *  Dj/q 


where 


Cu  C,i 
Cr  Cm 


MS,  *  F«  *  Fa  ♦  E,  +  R 

I?»  '  *Cj$i+Ei48i 


H.'c*)  C,j) 

H>)  Cm  I 


Cn  HTOO 

C*  Hit*) 


(IS) 


•S4J. 


2.3.  Have  Absorption 

At  first,  by  substituting  the  solu¬ 
tions  of  the  equations  of  motion  into  (7) , 
the  condition  that  should  be  satisfied  for 
absorbing  the  syroetrical  component  of  the 
scattered  wave  is  obtained  as  follows: 

U6> 

or 

=in:c^r 

It  is  known  by  (17)  that  if  we  have 
the  system  resonates  with  the  incident 
wave  in  heaving  notion  and  the  magnitude 
of  the  damping  coefficient  of  the  energy 
conversion  system  is  equalized  with  that 
of  wave  caking  heave  damping  of  the  body, 
(Ar  +  At)  becomes  to  zero. 

On  the  other  hand,  the  absorbed  wave 
power  in  the  aforementioned  condition 
becomes: 


R  *^su,%!x^|C=-2 


where  P»  represents  the  incident  wave  power 

Expression  (18)  shows  that  half  of 
the  incident  wave  power  is  absorbed  by  the 
system. 

Secondly,  let  us  investigate  the  con¬ 
dition  that  satisfies  the  equation  (8) . 

By  substituting  the  expression  (14)  into 
'S),  the  condition  that  should  be  satis¬ 
fied  for  absorbing  the  asynaetrical  compo¬ 
nent  of  the  scattered  wave  is  obtained  as: 

d,h:co*r.h;c*5  - 


u  c  n.  tty 

It  should  be  noted  here  that  both 
rolling  and  swaying  motions  as  known  by 
(6)  are  not  always  necessarily  employed. 
If  the  swaying  notion  is  restricted,  Eq. 
(19)  can  be  simply  rewritten  ass 


— *i|H»Oo|* 

jsc  *  0 


|  {21! 


In  the  same  way  as  the  symmetrical 
part  of  scattered  wave,  it  is  known  by  C21> 
that  if  we  have  the  system,  resonates  with 
the  incident  wave  in  the  rolling  motion 
and  the  nagnitude  of  the  deeping  coeffici¬ 
ent  of  energy  conversion  system  is  equaliz¬ 
ed  with  that  of  wavs  making  roll  damping 
of  the  body,  {An  -  At)  becomes  to  zero. 

In  this  case,  the  absorbed  wave 
power  be cones: 

%  *  i ;  ix/.fi1  «£  (22, 

Therefore,  if  we  choose  the  parame¬ 
ters  of  wave-energy  conversion  system  so 


as  to  satisfy  (17)  and  (21)  simultaneously, 
both  the  transmitted  wave  and  reflected 
wave  are  diminished  to  zero  and  the  inci¬ 
dent  wave  power  is  perfectly  absorbed  by 
this  wave-energy  conversion  system,. 

To  verify  these  theoretical  results, 
two  kind  of  wave-energy  absorbing  systems 
were  made,  and  the  tank  test  was  carried 
cut.  One  of  these  is  a  system  using  two 
modes  of  motion  (heaving  and  rolling)  and 
swaying  motion  is  restricted  by  dolphins. 
The  other  is  a  system  that  freed  all  modes 
of  motion  ar.d  moored  by  chain.  The  former 
is  described  in  the  following  section  and 
the  latter  in  $4. 

3.  HAVE  ENERGY  CONVERSION  DEVICE  MOORED  AT 
A  m.-V'HIK 


3.1.  Model  E» 


riments 


(1)  Model  Characteristics 

The  principal  dimensions  and  charac¬ 
ter!  sties*  of  the  model  are  shown  in  Table  1. 


Table  I  Characteristics  of  model 


item 

Length 

Width 

Draft 

Displacement 


2-960  m 
1.000 
0.3C0  m 
444.  !  2  Kg 


r  of  bouyoncy  (KB) 

0. 1957  m 

r  of  gravity  IK6) 

0.300  m 

center  height  (GM5 

0.45 1  m 

r  pfe**  area 

2.960  m2 

s  of  gyration 

0.332  m 

cl  period  of  heaving 
motion 

1.35  sec 

3i  period  of  roiling 
morion 

1 .35  sec 

This  1:10  scale  model  has  a  lewis  Form 
section,  as  shown  in  Fig.  2. 


(2)  Experimental  Apparatus 

The  experiments  were  conducted  in  60m 
(length) x3m(width) xl. 5m(water  depth)  wave 
basin.  The  basin  was  equipped  with  a 
piston  type  wave  maker  which  could  gene¬ 
rate  regular  and  irregular  waves.  The 
maximum  wave  height  is  0.5m  and  the  range 
of  wave  period  is  from  0.5  to  4.0  sec. 

The  model  was  set  at  the  center  of 
the  basin  and  was  connected  to  a  beam, 
which  had  been  built  over  the  basin 
instead  of  the  dolphin  by  three  connecting 
rods  with  hinges  to  permit  free  oscillation. 
The  arrangement  is  shown  in  Fig.  3. 


Fig.  3  Experiment  apparatus 

In  this  arrangement,  the  relative  motions 
of  the  floating  body  and  connecting  rods 
and  of  the  connecting  rods  and  beam 
(dolphin)  drove  the  electric  generators 
which  were  located  at  both  ends  of  the 
center  rod. 

In  the  external  circuits  of  the  gene¬ 
rators,  the  variable  electric  resistors 
were  connected  so  that  the  damping  factors 
of  the  wave  energy  conversion  devices  may 
be  adjusted  to  the  wave  generation  damping 
factors 

And  then  one-way  clutches  and  gears 
were  set  up  at  the  each  electric  genera¬ 
tors  so  that  the  electric  generators  could 


revolve  in  one  direction  despite  the  alter¬ 
native  motion  of  connecting  rod.  The  gears 
multiplied  the  rotation  300  times  for  heav¬ 
ing  motion  and  200  times  for  rolling  motion. 

Since  it  had  been  estimated  that,  in 
this  experiment,  the  maximum  incident  wave 
power  would  be  about  160  watts  (wave  length 
3,0m  and  wave  height  0.2m),  two  80  watt 
direct  current  generators  were  selected  for 
heaving  motion  and  rolling  motion  respec¬ 
tively. 

(3)  Measurement 

The  following  items  were  measured: 
-Wave  height 

Incident  wave  height  and  reflected 
wave  height  were  measured  by  means  of  capa¬ 
citance  type  wave  height  meters  W1  and  W2 
which  had  been  arranged  as  shown  in  Fig.  4, 
Transmitted  wave  height  was  measured  by  W3 
(see  Fig.  4).  The  method  used  to  calculate 
the  incident  wave  height  and  reflected  wave 
height  is  described  in  Appendix-II. 


Fig.  4  Measuring  of  wave  height 

-Motions  of  the  floating  body 

The  motions  of  the  floating  body  were 
measured  by  means  of  a  displacement  meter 
which  was  composed  of  potensio  meters,  with 
6-degrees  of  freedom.  The  measuring  system 
is  shown  in  Fig.  5.  The  measuring  arm  was 
attached  just  at  the  center  of  gravity  of 
the  floating  body. 


Fig.  5  Meosuring  of  motions 
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Pigs.  9  and  10  show  the  reflection  coeffi¬ 
cient  (C<0  and  the  transmission  coeffici¬ 
ent  (CT).  Cr  means  the  ratio  of  the  ref¬ 
lected  wave  height  to  the  incident  wave 
height,  and  Ct,  the  ratio  of  the  transmit¬ 
ted  wave  height  to  the  incident  wave 
height.  (The  method  used  to  calculation 
Cr  and  Ct  is  described  in  Appendix-II. ) 

In  these  figures,  Cr,  together  with 
Ct,  has  the  minimum  value  (nearly  equal 
to  zero),  whenx./B=2.5;  that  is,  when  wave 
length  reached  2.5  times  as  long  as  the 
width  of  the  floating  body,  the  incident 
wave  energy  is  almost  completely  absorbed. 
Hence,  a  calm  sea  appears  behind  the 
floating  body. 

When  the  incident  wave  length  is  less 
than  4.7m  (A/B^4.7),  the  transmitted  wave 
height  is  reduced  to  below  50%. 

(3)  Efficiency  of  Wave  Power  Absorption 

The  efficiency  of  wave  power  absorp¬ 
tion  is  shown  in  Fias.  11  and  12. 


Fig .  II  Efficiency  of  wove  power  absorption 
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Fig.  12  Efficiency  of  wave  energy  conversion 


In  these  figures,  wave  energy  absorption 
efficiency  *lw  is  defined  by  equation  (28) . 

Tw  -  I  -  Ct  -  Cr2  (28) 

Wherea.  ,  energy  conversion  efficiency  is 
expressed  by  equations  (29)  and  (30). 

IE  =  YV  /  Pw  (29) 


W  =  -£  f  CR,^Ra)  ( Vi  (t))2/ R22  dt 
Pw=  C*  L 


where,  W  means  the  electric  power  converted 
by  the  electric  generator,  Pw  means  the  in¬ 
cident  wave  power  and  L-  means  the  length  of 
the  floating  body. 

In  regards  to  wave  absorption  effici¬ 
ency  7W»  it  is  evident  that  the  wave  energy 
is  completely  absorbed  by  the  device  when 
the  reflected  wave  and  the  transmitted 
wave  are  diminished  simultaneously  (X/B  = 
2.5,  see  Figs.  9  and  10).  On  the  other 
hand,  the  experiment  results  of  energy 
conversion  efficiency  7ewere  short  of  the 
theoretical  values  by  20-30%  (see  Fig.  12) . 
This  loss  may  be  composed  of  mechanical 
loss  (mainly  in  the  gears  and  clutches)  and 
of  scattering  waves  of  higher  order. 

To  confirm  this  point,  free  oscilla¬ 
tion  tests  of  the  wave  energy  absorption 
device  were  carried  out,  in  which  the  elec¬ 
tric  resistors  had  been  removed  so  that  the 
generated  power  was  not  consumed,  and  about 
20-30%  absorption  of  wave  energy  was  veri¬ 
fied. 

4.  WAVE  ENERGY  CONVERSION  DEVICE  MOORED  BY 
CHAINS 

4.1.  Model  Experiments 

(1)  Model  Characteristics 

The  principal  dimensions  and  charac¬ 
teristics  of  this  model  are  given  in  Table 
2.  This  model  has  a  Lewis-Form  section, 
as  shown  in  Fig.  13. 


Table  2  Characteristics  of  model 


Item 

Length 

2.900  m 

Width  at  water  plane 

1 .000  m 

Draft 

0.500  m 

Displacement 

870.0  Kg 

Metocenter  height  (GM) 

0.200  m 

Center  of  gravity  (KG) 

0.418  m 

Radius  of  gyration 

0.350  m 

Natural  period  of  heaving 
motion 

1.56  sec 

Nafjro!  period  of  rolling 
motion 

1 .85  sec 
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Fig- 13  Section  of  model. 

(2)  Experiment  Apparatus  and  Measured 
Items 

Experiments  concerning  the  "Chain 
Type"  device  were  conducted  in  the  same 
basin  that  had  been  used  to  test  "Dolphin 
Type"  device. 

The  arrangement  of  experiment  appara¬ 
tus  is  shown  in  Fig.  14. 


generators 


Fig.  14  Expeniment  apparatus 

The  floating  body  was  moored  by  4 
sets  of  stainless  steel  wire  and  coil 
spring,  instead  of  by  chains.  The  angle 
between  the  mooring  wire  and  vertical  line 
was  55°.  The  spring  constant  of  the  coils 
was  about  1.0  kg/cm. 

The  damping  devices  were,  as  shown  in 
rig.  14,  composed  of  electric  generators, 
pulleys,  sinkers,  tension  wires  and  count¬ 
er  weights.  One  end  of  the  tension  wire 
was  connected  to  the  sea  bed  (this  is,  to 
the  sinker) ,  and  the  other  end  was  led 
into  the  hull  of  the  floating  body  via 


pulleys  and  a  damping  device,  and  was  atta¬ 
ched  to  the  counter  weight  (30  kg). 

The  gears,  clutches  and  electric  gene¬ 
rators  were  similar  to  those  used  in  the 
"Dolphin  Type"  device  tests. 

In  order  to  control  the  damping  fac¬ 
tors  7 Oil  electric  resistors  were  connected 
to  the  electric  generators  in  series.  The 
electric  circuits  were  also  similar  to 
those  used  in  the  "Dolphin  Type"  device 
tests. 

The  measured  items  were  wave  heights, 
motions  of  the  floating  body  (heaving, 
rolling  and  swaying  motion)  and  generated 
voltage,  and  these  were  measured  by 
systems  similar  to  those  used  in  "Dolphin 
Type"  device  tests. 

(3)  Wave  Conditions 

The  experiments  were  performed  in 
regular  waves.  The  wave  height  was  cons¬ 
tant  ,  0 . lm,  and  the  wave  length  varied 
from  1.3m  to  9.3m. 

4.2.  Results  of  the  Experiments 

(1)  Motions  cf  the  Floating  Body 

Figs.  IS,  16  and  17  show  the  heaving, 
rolling  and  swaying  motions  of  the  float¬ 
ing  body. 


-848- 


Fig-  17  Swaying  motion 

In  the  figures,  the  small  circles  repre¬ 
sent  the  rc-sults  of  the  experiment  and  the 
full  lines  the  theoretical  values,  which 
were  divided  by  the  incident  wave  ampli¬ 
tude  (3a)  or  wave  slope  (K3a) . 

Close  agreement  between  the  results 
of  the  experiment  and  the  theoretical 
values  was  observed. 

(2)  Characteristics  of  Wave  Transmission 
and  Wave  Reflection 
Figs.  18  and  19  give  the  wave  reflec¬ 
tion  coefficient  CR  and  the  wave  trans¬ 
mission  coefficient  C^.  Ct  is  about  0.5 
for  those  waves  with  3.8m  wave  length 
(X./B  =3.8). 


Fig  - 19  Wave  transmittion  coefficient 


As  for  CR  and  C-r,  the  results  of  the 
experiment  agreed  well  with  the  theoretical 
values,  and  it  was  thus  confirmed  that  the 
theory  was  reasonable. 

(3)  Efficiency  of  Wave  Power  Absorption 

Wave  energy  absorption  eff iciency^and 
energy  conversion  efficiency  (defined 
by  equations  (28)  and  (29),  respectively) 
are  shown  in  Figs.  20  and  21. 


Fig.  21  Efficiency  of  wave  energy  conversion 

has  the  maximum  value  forX/B=3.0, 
the  theoretical  value  being  76%  and  experi¬ 
ment  value  80%.  The  theoretical  results 
and  the  experiment  results  agreed  well. 
(Scattering  of  7«.when  \/B=3  were  caused 
by  errors  made  in  the  calculation  of  the 
reflected  wave  heights.) 

*15,  as  shown  in  Fig.  21,  also  has  a 
maximum  value  £orX/B=3.0;  however,  the 
value  is  about  55%.  It  is  believed  that 
the  difference  between?w  and  'l a  was  due 
to  the  mechanical  loss  in  the  gears. 

Compared  with  that  of  the  "Dolphin 
Type"  device,  *Z  w  of  the  "Chain  Type"  device 
is  somewhat  inferior.  The  reason  may  be 
considered  as  that  the  swaying  motion  of 
the  floating  body  for  the  "Chain  Type" 
device  is  not  controlled  to  absorb  wave 
energy,  though  the  swaying  motion  of  the 
"Dolphin  Type"  device  is  restrained. 
Therefore,  the  reflecting  energy  caused  by 
the  non-controlled  swaying  motion  makes 
absorption  efficiency  low. 
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5.  WAVE  POWER  ABSORPTION  OF  IRREGULAR  WAVES 


It  is  common  to  adopt  the  linear 
superposition  theorem  for  predicting  some 
phenomena  that  occur  in  irregular  waves; 
for  example,  ship  motions  in  a  random  sea¬ 
way.  In  this  section  we  shall  consider 
the  applicability  of  this  theorem  for  pre¬ 
dicting  wave  power  absorption  of  irregular 
waves  in  the  two-dimensional  case. 

The  power  absorbed  by  a  wave  energy 
conversion  device  in  irregular  waves  can 
be  represented  as  the  difference  between 
incident  wave  power  and  the  total  power 
of  reflected  and  transmitted  waves.  If  we 
adopt  the  linear  superposition  theorem,  to 
predict  reflected  and  transmitted  waves, 
then  we  can  denote  incident  wave  power  , 
reflected  wave  power  I*  and  transmitted 
wave  power  P^  as  the  following: 

£%*•<** 

(?d 

where  S(«))  is  an  energy  spectrum  of  an 
incident  wave.  Absorbed  power  is  desc¬ 
ribed  in  the  following: 


Px'-cRi+p;) 

=  \ f f  (32) 


Consequently,  efficiency  of  wave  power 
absorption  is 


Pa 


Px 

(» j  t- C|?(w)  - 

)«  W 


(33) 


If  reflected  coefficient  Cp (w)  and  trans- 
m.ittion  coefficient  Ct  (*<>}  in  regular  waves 
are  known,  absorbed  power  Ta  and  efficiency 
of  wave  power  absorption  %  can  be  easily 
calculated  by  using  equation  (32)  and  (33). 

In  these  equations  energy  spectrums  of 
reflected  and  transmitted  waves  are  expre¬ 
ssed  by  the  product  of  the  incident  wave 
energy  spectrum  and  the  square  of  the  ref¬ 
lection  or  transmission  coefficient  in 
regular  waves  respectively.  In  order  to 
verify  tnese  relations,  we  conducted  an 
experiment  using  a  model  of  the  "Dolphin 
Type"  at  the  wave  basin. 

Characteristics  of  the  model,  experi¬ 
ment  apparatus  and  measurir.  3  systems  are 
described  in  §3.  A  typical  example  of  an 
incident  wave  energy  spectrum,  reflected 
wave  energy  spectrum  and  transmitted  wave 
energy  spectrum  measured  during  the  model 
test  is  shown  in  Fig.  22  and  Fig.  23. 


tt>  { rod  /  sec ) 

Fig.  22  Energy  spectrums  of  incident 
wave  and  reflected  wave 
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Fig.  23  Energy  spectrums  of  incident 
wave  and  transmitted  wave 


The  full  lines  in  these  figure  represent 
the  results  of  the  model  experiment  and 
the  broken  lines  represent  the  results  of 
calculation  in  which  theoretical  values 
were  used  for  the  reflection  and  trans¬ 
mission  coefficients  and  experimental 
values  for  the  incident  wave  energy  spec¬ 
trum.  These  figures  show  that  the  results 
of  calculation  agree  well  with  the  experi¬ 
mental  results  on  the  reflection  and  trans¬ 
mission  coefficients  in  irregular  waves. 
From  this  result,  we  may  conclude  that 
equation  (31)  is  useful  for  predicting  the 
reflected  and  transmitted  wave  powers  in 
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irregular  waves.  Therefore  we  can  reaso¬ 
nably  predict  absorbed  power  anu  efficiency 
of  wave  power  absorption  by  using  equation 
(32)  and  (33). 

6.  CONCLUSION 

A  theory  for  predicting  wave  energy 
absorption  by  using  a  two-dimensional, 
half-immersed,  symmetrical  body  with  wave 
energy  conversion  systems  is  outlined  inS2. 
The  theory  was  developed  by  the  use  of  the 
condition  for  achieving  complete  wave  ab¬ 
sorption  and  led  to  the  conclusion,  that 
the  complete  wave  absorption  can  be  attain¬ 
ed  if  the  natural  frequencies  of  the  sym¬ 
metrical  and  asymmetrical  oscillation  modes 
are  tuned  to  the  desired  frequency  and  the 
damping  coefficients  of  the  wave  energy 
conversion  systems  are  the  same  as  the 
wave  generation  damping  coefficients  for 
the  symmetrical  and  asymmetrical  oscilla¬ 
tion  modes. 

Furthermore  it  was  showed  that,  if  the 
above  conditions  are  satisfied,  a  complete 
wave  energy  absorption  can  be  also  attain¬ 
ed  and  each  half  of  an  incident  wave  power 
is  absorbed  by  each  energy  conversion 
systems  for  the  symmetrical  or  asymmetri¬ 
cal  oscillation  modes. 

Applying  the  conclusions  of  the 
theory,  we  proposed  two  new  wave  energy 
conversion  devices  and  carried  out  theore¬ 
tical  calculations  and  model  experiments. 
The  theoretical  and  experimental  studies 
concerning  notion  and  wave  absorption  show¬ 
ed  good  agreement  with  each  other.  The 
results  of  node!  experiments  conducted  on 
the  "Dolphin  Type"  were  especially  good  as 
they  verified  a  complete  wave  energy  ab¬ 
sorption  which  had  been  predicted  bv  the 
theoretical  calculations. 

On  the  other  hand  it  was  difficult  to 
attain  a  complete  wave  energy  absorption 
in  the  case  of  the  "Chain  Type".  Because 
the  floating  body  oscillates  in  three 
degrees  of  freedom,  two  asymmetrical  radi¬ 
ation  waves  are  generated  by  the  swaying 
and  rolling  motions  and,  although  the  natu¬ 
ral  period  of  rolling  can  be  easily  attun¬ 
ed  to  a  given  period,  it  is  very  difficult 
to  attune  the  natural  period  of  swaying  in 
the  same  manner  because  the  restoring 
forces  of  the  mooring  lines  are  too  snail. 
For  these  reason,  in  the  present  study  we 
could  not  attain  complete  wave  energy  ab¬ 
sorption.  Thus,  the  maximum  efficiency  of 
wave  energy  absorption  for  this  type 
device  was  only  80%  both  in  the  model  ex¬ 
periment  and  in  theoretical  calculations. 

In  §5,  the  prediction  of  wave  energy 
absorption  in  irregular  waves  was  consider¬ 
ed  and  it  was  confirmed  that  the  linear 
superposition  theorem  is  useful  for  this 
purpose.  Ke  also  showed  that  the  energy 
spectrums  of  reflected  and  transmitted" 
waves  can  be  predicted  as  the  product  of 
the  incident  wave  energy  spectrum  and  the 
square  of  the  reflection  or  the  transmi¬ 
ssion  coefficient  respectively. 


Ke  wish  to  acknowledge  kind  advices 

that  we  received  from  Professor  S.  Motora 

and  his  constant  encouragement. 
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APPENDIX  I 

We  denote  the  velocity  potential  $(x, 
y,  t)  as: 

(A.D 

where  (x,  v)  satisfied  the  following 
linearized  free  surface  condition. 


where  K  =  vmvc  number  -  2 A/ a. 
while  the  surface  elevation  is 


us  im:  as: 


ctu3t J 


(A.  2) 


expressed  by 


IA.  3) 


(A.  4 ) 


The  incident  wave  and  the  diffraction 
wave  velocity  potentials  are  written  as: 

^CX,^3  =  i  !A.5) 

where  i  =  0  :  incident  wave 

i  =  4  :  diffraction  v?ave 

&(*,*)  »  Z.-******-  SA.C>> 

On  the  other  hand,  the  radiation  wave 
velocity  potential  is  written  as: 

cx,  *)=  iw  Ki<f>iCX,^)  {A*7) 

where  i  =  1  :  swaying 

=  2  :  heaving 

=  3  :  rolling 

and  X  i  :  amplitude  of  i-th  node 

oscillation 


Assuming  that  the  notions  arc  linear 
and  harmonic,  the  total  velocity  potential 
?(x,  y)  can  be  written  as: 

^(X,*)-  X.&CX,*) 

t«o 

where  X0  =  X«  =  1/K 

Here  the  Kochin  function  H*(K) 
introduced  as: 

Hence,  the  prog  essir.g  wave  at  x»l  is 
expressed  asymptotically  as: 

<fccx,*) — WnfOOe’'*****  (A.10) 

Let  us  devide  the  velocity  potential 
into  real  part  with  subscript  c,  and 
imaginary  part  with  subscript  s,  and  is 


(A.  8) 


can  be 

(A.  9) 


described  as: 

<p=  <pc+i(ps 


(A.  11) 


The  corresponding  Kochin  functions  are 
written  as: 


H*CtO  «*  HJCK)+JHf*CK) 


(A. 12) 
(A. 13) 


If  the  floating  body  has  a  symmetrical 
sectional  form,  the  following  relations 
are  obtained. 


Hr(K)  ~  “H.  (*0  (A.  14) 

Hi  00  —  HjOO  (heaving)  (A. 15) 

H;c*)  =  -H,“00  Crol|iH|)  <A*16} 


Furthermore,  the  Kochin  function  cor¬ 
responding  to  the  diffraction  wave  is  des¬ 
cribed  by  that  of  radiation  wave  as: 


His  CK)  +  H,sCPJ) 
4  Hjc*)  “  HTCK) 


(A.  17) 


where  Hi+{K)  means  the  conjugate  of  H*CK) 


Substituting  (A. 10),  (A. 8)  into  expre¬ 
ssion  (A. 4),  the  progressing  waves  propa¬ 
gate  to  outward  are  described  at  ix|-»w  as: 

7*00  =  €  K  H?(K)C*tKK  <*• 18> 
1  nr 

From  expression  (A. 18),  the  amplitude  of 
the  wave  propagates  in  the  +X.  direction 
(reflected  wave)  is 

Ar=  &k£  Xi  H.*ck;  (a.  19) 

Similarly  that  of  the  transmitted 
wave,  including  the  incident  wave,  is 

At  *  1  'iKtXiHrC*)  «A-20> 

APPENDIX  II 


This  appendix  describes  the  calcula¬ 
tion  method  of  reflected  wave  height[16). 

Generally,  using  the  Fourier  Analysis, 
time  domain  data  3 (t)  expands  in  a  series 
of  wave  components  with  circular  frequency 
OJn(rad/sec) . 

The  wave  amplitude  Ja,  of  which  wave 
frequency  is  UMrad/sec) ,  can  be  described 
by  the  following  equations: 

3o.=  y/  A*  *  3Z  CA.21) 

a=-£  (a. 22) 

B“-k  SlfJCJ.tdtr  (A.  2  3) 

where  to  is  the  time  duration  of  J(t). 


When  the  Fourier  coefficients  A  and  3 
are  known,  JTw»(t) ,  wave  component  having 
circular  frequency  (j)t ,  can  be  expressed  as 
the  following  equation: 


•  852- 


3v(t)  =  ACOSUUt  +BSlNU)>t  (A.  24) 

It  should  be  noted  that  if  the  Fourier 
coefficients  of  the  wave  data  measured  by 
means  of  one  set  of  height  meters  located 
in  front  of  the  floating  body  (see  Fig.  4), 
incident  wave  amplitude  Jkj  and  reflected 
wave  amplitude  are  calculated  by  using 
the  following  equations: 

Jai= 

(.  B2+ A*$1U B,  COS  kAi)3]**  (A.  25) 

•  iiszJkAt} 

(  &- ASM  fell  -  B.C0S  lut)3)*  (A.  26) 

where  At  and  B,  are  the  Fourier  coeffici¬ 
ents  derived  from  the  measured  value  of 
wave  height  meter  Kl,  and  A,  and  Bj  are  the 
Fourier  coefficients  of  W2,  respectively. 

Wave  reflection  coefficient  Cr  can 
be  described  as  follow: 

Cr  ~  J oA  /  3**  (A. 27) 


Discussion 


K.  Ikegami  imhd 


At  first,  I  would  like  to  show  my  re¬ 
spect  to  the  first  study  on  practical  ap¬ 
plication  of  Prof.  Bessho's  theory  on  com¬ 
plete  wave  energy  absorption. 

I  would  like  to  ask  some  questions 
about  the  model  test  of  "Chain  type"  device. 

(1)  The  characteristics  of  model  used 
in  the  "Chain  type"  device  test  is  differ¬ 
ent  from  the  ones  in  "Dolphin  type"  device 
test.  It  seems  to  me  that  it  is  more  advan¬ 
tageous  to  use  the  same  model  in  both  tests 
in  order  to  compare  the  characteristics  of 
two  types  of  devices.  How  did  the  authors 
decide  the  characteristics  of  model  ? 

(2)  Natural  periods  of  heaving  motion 
and  rolling  motion  are  not  equal  in  "Chain 
type"  device  test.  In  order  to  attain  a 
complete  wave  energy  absorption,  however, 

it  is  necessary  to  equalize  both  the  natural 
periods  of  heaving  and  rolling  motions  as 
in  "Dolphin  type"  device  test.  And  it 
seems  to  me  that  the  natural  period  of  roll¬ 
ing  motion  can  be  easily  attuned  to  a  given 
period.  Why  did  not  the  authors  equalize 
both  the  natural  periods  of  heaving  and 
rolling  motions  ? 

(3)  The  rolling  amplitude  of  flc 

body  is  shown  in  Fig. 16.  1  can  underst-..d 

that  the  tendency  of  rolling  amplitude  to 
wave  length  shows  the  characteristics  of 
motion  influenced  by  larger  damping-  How¬ 
ever,  it  seems  to  me  that  the  values  are 
very  large  in  longer  wave  length  range. 

Hay  I  understand  that  this  is  caused  by 
coupling  effect  of  rolling  and  swaying  mo¬ 
tions  7  If  we  could  ask  the  authors  for 
further  explanation  of  the  characteristics 
of  the  motion  of  the  floating  body  ' n  ra¬ 
ther  detail,  especially  the  rolling  motion, 
it  would  be  highly  informative,  and  appre¬ 
ciated  very  much. 

(4)  In  the  case  of  "Chain  type"  device 
test,  swaying  motion  of  floating  body  was 
not  controlled.  To  the  extent  of  my  under¬ 
standing,  the  condition  for  a  complete  wave 
energy  absorption  is  to  make  both  the  sym¬ 
metrical  motion  and  either  one  of  the  asym¬ 
metrical  motions  resonant  at  the  same  fre¬ 
quency,  and  to  give  sufficient  damping  to 
each  motions.  Let  me  call  your  attention 
to  a  well-known  formula,  for  further  ex¬ 
planation. 

V  rad.ASY  =  (X  +  1  X  }  H+(k) 

v  ;  W  ?  ; 


where 

1  :  Sway-roll  coupling  lever 

for  damping 

This  formula  shows  that  asymmetric  wave  is 


generated  in  far  field  by  the  transverse 
motion  of  the  point  which  lies  at  the  depth 
1  below  the  water  plane.  It  should  be 
noted  that  rotational  motion  around  the 
point  is  waveless  motion  at  the  specified 
frequency.  Therefore,  we  can  pay  attention 
only  to  the  transverse  motion  of  that  point 
I  think  it  is  important  to  design  a  control 
system  for  the  purpose  to  control  the  trans 
verse  motion  of  that  point  composed  of  sway 
ing  and  rolling  motions. 

From  this  viewpoint,  I  think,  changing  the 
direction  of  tension  wire  might  result  in 
heigher  efficiency  of  wave  energy  absorp¬ 
tion.  Have  the  authors  made  such  experi¬ 
ments  or  calculations  7  If  I  could  hear 
the  authors'  opinion  on  these  points,  I 
would  appreciate  it  very  much. 


Author’s  Reply 


M.  Bessho  (Natmnat  Delerse  Acaderr.y) 


We  thank  Mr.  Ikegami  for  his  remarks 
on  the  model  test  of  "the  Chain  type". 

At  first,  we  decided  the  configuration  as 
shown  in  Fig. 14  on  the  standpoint  of  prac¬ 
tical  use  and  carried  out  parametric  study 
with  varying  Ho  and  o  of  Lewis  Form.  Then 
we  chose  the  sectional  form  of  Fig. 13 
because  it  showed  better  efficiency  than 
others. 

In  the  case  of  Fig.  14,  as  the  tension 
wires  are  installed  vertically,  some  co¬ 
efficients  of  (13)  become  : 


Substituting  eg.  (R.l)  into  eq.  (19),  we 
obtain  following  equation. 

„  _  Ciir  {Ci jr‘  -  (hThI  ly ) ' }  + 

Cj  JR - .  r  1 - 


2Ci3RHtHtlw; 

(hThI)1 


(R.2) 


where  Cijp  =  Re  {C^j } 

The  right  hand  of  eq.(R.2)  is  not  equal  to 
zero  in  general.  Therefore  the  natural 
period  of  rolling  motion  should  differ 
from  that  of  heaving  motion  for  complete 
absorption  of  the  asymmetrical  scattered 
wave.  But  in  our  model  test,  eq.(R.2) 
could  not  be  satisfied  completely. 


lyillill . . . .  . . . . . . . . . . . 


On  the  fchi-d  question,  it  was  shown 
by  Prof.  Tasai  that  nondimensional  rolling 
response  becomes  to  slightly  less  than 
unity  in  long  wave  range  if  additional 
restoring  forces  are  attached.  This  fact 
must  be  also  true  in  the  case  of  "the  Chain 
type".  Unfortunately  we  did  not  calculate 
the  response  function  in  the  long  wave 
range.  Thus  we  can  not  say  how  high  the 
response  function  growth  or  where  it  begins 
to  reduce. 

On  the  last,  question,  we  suppose  that 
there  may  be  such  a  case  as  Mr.  Ikegami 
pointed  out.  In  the  case  where  bo*-h  sway¬ 
ing  and  rolling  motions  exist,  the  condi¬ 
tion  for  complete  absorption  of  the  asym¬ 
metrical  scattered  wave  is  expressed  by 


eq.(19)  or  rewritten  as  : 

(Cis  +  i2Htfit ' (C j  3  +  i2Htfit)  -  (C.J 

i2Htfitlw) (C,!  +  i2H?iitlvr>  =  0  (R-3) 

If  we  adopt  some  restrictions  on  the  co¬ 
efficients  of  (13),  that  is  : 

—  IS  =  U,  —  I  1  —  — 31  —  1  s- ,  —33  —  1  |S 

Cl  3  R  =  CstR  ,d  .> 


Ke  can  find  more  simple  relations  than 
eq.(R.3)  but  we  have  not  yet  tested  such 
a  case. 
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ABSTRACT 

In  this  paper.  we  show  theoretical  analyses  and  syntheses 
lor  floating-type  wave  power  absorbers  by  comparing  theoretical 
characteristics  with  experimental  ones  of  the  prototype  which 
consists  of  Saheis  Duck  and  hydraulic  power  conversion  mecha¬ 
nisms.  Theoretical  analyses  arc  based  on  the  time-reversed  velocity 
potential  proposed  by  Bessho.  and  the  motions  of  six-rigid -body 
degrees  of  freedom  in  finite  water  depth  ate  discussed. 

We  investigate  theories  and  experiments  with  regard  to 
hydrodynamic  forces,  absorbed  wave  power,  load  reaction  forces 
which  act  on  the  two-dimcntional  or  three-dimentional  slender 
bodies  with  asymmetric  sections  oscillating  in  regular  or  irregular 
waves,  and  discuss  about  the  effects  of  oblique  waves,  coupled 
motions  and  hydraulic  load  characteristics  on  the  wave  power 
absorption  efficiencies. 

From  the  test  results,  we  cjnfirm  the  following  con¬ 
clusions:  the  linear  theory  is  applicable  to  the  prediction  of  the 
performances  of  the  absorber,  the  Sahets  Dud:  absorbs  efficiently 
both  rcgualr  and  irregular  wave  power,  and  the  hydraulic  power 
conversion  mechanism  is  successful  in  converting  wave  energy  to 
mechanical  energy  due  to  its  easy  control  and  storage  of  energy. 


Nomenclature 
a 

Bt. 

C, , 
c 

D. 

D 

di 


!■, 

H 

db  dt 


incident  wave  amplitude 

floating  body  width 

hydrostatic  restoring  force  coefficient 

restoring  force  coefficient  matrix 

draft  of  floating  body 

shallow  water  parameter 

damping  coefficient  of  bad  of  the  hydraulic 
system 

damping  coefficient  matrix  of  load 
Kronccker s  delta 
wave  excitation 

column  vector  of  wave  excitation 
time  averaged  energy  per  unit  time 


■ii 

C, 

F 

F|> 

Ft, 

g 

Sii 

| 

r 
•  n 

h 

H,  (0) 
H*(0.O) 

H 

Hw 

K,«<u) 

ff,t  jjw  (Ul) 

Hnw  <tc) 

K 

k. 

k 


t 

m,| 

M, 

M 
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wave  power  absorption  efficiency  (2-D),  wave 
power  absorption  coefficient  or  non-dimensional 
absorption  width  ratio  (3-D) 

radiation  force 
standardized  radiation  force 
sectional  standardized  radiation  force 
column  vector  of  hydrodynamic  force 
drift  force 

normalized  load  force  (torque) 
gravity  acceleration 

linear  restoring  force  coefficient  of  mooring  system 
linear  restoring  force  coefficient  matrix  of  mooring 
system 

wetted  hull  surface 
water  depth 

radiation  Kochin  function 
diffraction  Kochin  function 
wave  height 

visual  wave  height  or  significant  wave  height 
response  function  of  absorbed  wave  power 
response  function  of  j-th  mode  motion 
response  function  of  drift  force 
wave  number 

restoring  force  coefficient  of  hydraulic  system 
restoring  force  coefficient  matrix  of  hydraulic 
system 

amplitude  of  Hh  mode  motion 
column  vector  of  amplitude  of  motion 
laminar  tube  length 

distance  between  the  origin  and  rolling  axis 
generalized  added  mass 
generalized  mass 
generalized  mass  matrix 
generalized  added  mass  matrix 
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N„  wave  damping  coefficient 

N  wave  damping  coefficient  matrix 

y  displaced  volume 

to  circular  frequency 

fi  fluid  domain 

p,  radiation  potential  with  unit  velocity  amplitude 

pD  incident  wave  potential  with  unit  amplitude 

Oj  diffraction  potential  corresponding  to  0o 

p,  =  0O  *  de  scattering  potential 

d,*»  d,*  lime-reversed  velocity  potential 

<*•  velocity  potential 

P  pressure  of  fluid 

p(H»  .  T* )  joint  probability  density  function 

P  =  o,;  variance  of  spectrum  of  time  averaged  absorbs! 

wave  power 

Rj.tr!  <  £(t)rj  tt+r)  >  correlation  function 

p  density  of  water 

oilier  variance  of  spectrum  of  roll  motion 

S'  («!  Pirrson-Moskowitr  type  wave  spectrum 

S-  ( to)  spectrum  of  absorbed  wave  power 

Sjijitwi  spectrum  of .i-th  mode  motion 

So  (w)  drift  fore  -  spectrum 

cross  spectrum  of  force  (torque)  and  velocity 
(angular  velocity)  of  j-th  mode  motion 

SruKii)  Cur)  cross  spectrum  of  force  (torque!  and  displacement 

Cloning  angle)  of  j-th  mode  motion 
spectrum  of  velocity  (angular  velocity!  of  j-th 
mode  motion 
T  period 

T9  natural  period  of  Heating  body 

To:  =  2e/(uo:  Zero  cross  mean  period  and  its  corresponding 
circular  frequency 

Tsr  visual  wave  period  or  mean  wave  period 

Tf  peak  period  of  wave  spectrum 

T  column  vector  of  torque 

Vj  group  velocity 

VL  j  normalired  velocity  (angular  velocity) 

displacement  of  floating  body  in  i-th  mode  motion 
£  column  vector  of  displacement  of  motion 

in'  amplitude  of  reflected  waves  oy  floating-body 

£,  amplitude  of  transmitted  waves  through  floating 

body 

amplitude  of  reflected  waves  by  fixed  body 

fr  . j.  amplitude  of  transmitted  waves  through  fixed 
body 

J.’  amplitude  of  radiation  waves  of  i-th  mode  motion 

K _ INTRODUCTION 

Masuda  1 10]  sueceed*d  to  generate  electlk  power  from 
ocean  waves  for  the  Inst  time  by  making  use  of  air  turbines 
rotated  by  compressed  air  in  resonant  water  tubes.  His  first  proto¬ 
type  was  applied  to  light-bouys.  and  recently,  wave  absorbing  ship 
“KaimeT  succeeded  to  apply  electric  pewer  to  the  power  station 
at  shore.  At  this  stage  in  order  to  design  more  economical  or  prac¬ 
tical  wave  power  absorbers,  it  is  necessary  to  make  clear  the  wave 
power  absorption  mechanism  and  also  to  establish  theoretical 


prediction  methods  of  performances  of  absorbers. 

The  theory  of  responses  of  floating-type  wave  power 
absorbers  can  be  interpreted  by  the  application  sf  water  wave 
theories  in  2-D  or  3-D  without  forward  speed.  Theoretical  analysis 
of  wave  power  absorbers  was  investigated  first  by  Bessho  1 3 1  who 
showed  that  the  optimum  efficiency  of  absorbed  wave  power  was 
obtained  when  it  .Mediated  at  resonant  ami  damping  of  load  was 
equal  to  radiation  wave  damping.  The  theory  of  a  wave  power 
absorber  was  completed  by  the  works  of  Bevsho  121,  Mei  |1!J. 
Newman  1141  and  Evans  141.  However,  there  have  been  few 
reporis  which  compared  these  linear  theories  with  experiments 
and  investigated  the  applicability  of  the  theory  m  order  to  make 
the  theory  practical. 

There  are  three  types  of  leading  wave  power  absorbers 
among  the  floating-type  absorbers  151.  Those  are  air-turbine  rype. 
Salters  duck  type  and  raft  type  absorbers.  Hydrodynamic  charac¬ 
teristics  of  these  floating  bodies  are  not  always  same  as  those  of 
ships  or  floating  offshore  structures  because  of  iheir  special  shapes, 
however,  their  chartct eristics  can  he  studied  by  the  similar  ex¬ 
perimental  methods  to  those  for  ships  Dynamics  of  wave  power 
absorber  depend  not  only  on  the  characteristics  of  floating  bodies 
but  abo  on  the  characteristics  of  power  tafcms  off  n«rchsmsms. 

In  this  paper,  we  show  the  theory  of  a  wave  power  ab¬ 
sorber  by  examining  the  dynamic  characteristics  of  floating  bodies 
and  of  power  taking  off  mechanisms,  and  cam-  out  some  special 
experiments  for  confirming  these  theoretical  results.  We  investi¬ 
gated  tbc  wave  power  absorption  characteristics  by  making  use  of 
a  Salters  Duck  of  32  on  in  diameter  of  submerged  circular  cylinder 
and  16?  cm  in  width,  and  oil-hydraulic  power  conversion  mecha¬ 
nisms.  because  the  Salters  Duck  has  the  advantage  of  simple  shape 
concerning  the  calculation  of  hydrodynamic  forces  on  the  body, 
and  because  the  hydraulic  power  conversion  mechanism  has  fea¬ 
tures  of  easy  control  and  storage  of  absorbed  energy.  Ths  system 
is  one  example  of  wave  power  absorbers  and  we  do  not  insist 
the  superiority  of  this  system. 

In  order  to  clarify  the  applicability  of  linear  theory  to  the 
design  of  wave  power  absorbers,  we  investigate  I  he  characteristics 
of  hydraulic  power  conversion  mechanisms,  of  wave  excitation, 
of  body  motions  in  regular  and  irregular  waves,  ami  the  forced 
oscillation  tests  in  calm  water  are  carried  out.  These  tests  have 
been  done  in  the  two-dimentional  model  basin  or  Ihree-dtmen- 
tior.ii  sea-keeping  basin,  and  effects  of  oblique  wave  and  3-D 
effects  are  also  examined.  The  effect  of  mooring  system  is  not  dis¬ 
cussed  here  because  that  effect  can  be  substituted  for  that  of 
coupled  motions. 


2.  THEORY 

Take  a  rectangular  coordinate  system  with  1=0  plane  of 
the  undisturbed  free  surface  and  i  positive  upwords.  An  angle  ol 
a  direction  of  progressing  incident  plane  w2v«  from  x-axis  is 
denoted  by  6  as  shown  in  Fie.  I .  It  is  assumed  that  a  body  rs  float¬ 
ing  on  the  free  surface  of  3i>  invisdd.  incompressible  fluid  with 
constant  depth  h  and  all  osdbtory  motions  of  the  body  and  the 
fluid  are  so  small  that  the  problem  can  be  solved  within  the  frame¬ 
work  of  hnerrired  waterwave  theory.  The  shape  of  the  body  is 
not  necessarily  symmetric. 


Fig.  1  Coordinate  system 


2-i  Hydrodynamic  forces 


The  radiation  force  component  F„  is  written  2$ 

Fs=  PU*  I;  f„  .  (!) 

where  I„  is  a  force  component  in  direction  i  due  to  a  unit  velocity 
of  the  body  is  the  direction  j  and  I,  is  2  complex  amplitude  O! 
i-fh  mode  motion.  Here  p  is  density  of  fluid  and  to  is  3  circular 
frequency.  f„  green  by 


-  .  dp,  .  _ 

'  fn 3n  '* 
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where  p.  is  a  radiation  polenta!  due  to  a  unit  velocity  of  the  hody 
in  the  direction  j.  The  suffix  denotes  the  direction  of  six  rigid  - 
body  decrees  of  freedom,  namely.  surge,  sway,  heave,  roll,  pitch 
and  yaw  for  j  =  1  -  6.  respectrwiy.  The  term  "force"  is  used  here 
in  a  ecnrraitzeJ  sense,  to  include  the  moreen! . 

The  added  mass  m,,  and  the  wave  damping  coefficient 
N,.  are  given  by 


S3.,  =  P  +  U*>  1-  - 

(3i 

N„  =  -pcctfi  -  f?*  )/2l . 

1 4) 

respeclhefv.  A  superscript  *  indicates  a  complex  conjugate.  From 
the  Hast-  -Sations.  the  wave  excitation  is 

l,  =  pgaTHI,!  j3*s  ) .  fS) 


ful  to  derive  Uic  reisticar  as  shown  firstly  by  Bessho  {21.  A  time- 
reversed  morion  *«rrespondln«:  to  the  time-reversed  velocity 
potentu:  if.  for  example,  a  motion  of  reversed  rotating  movies. 
The  time-i  cversed  velocity  potential  b  a  complex  conjugate  of  the 
ordinal  v-looiy  potential.  And  it  is  also  expressed  in  another 
form,  by  taking  account  of  a  uniqueness  of  a  solution  of  the 
boundary-value  problem.  Namely  the  taae-reversed  velocity 
polenta!  of  a  radiation  for  a  scattering)  potential  is  a  sum  of  the 
original  radiation  potential  tor  a  scattering  potential  dee  to  a 
reverse  metdent  wave)  and  a  scattering  potential  due  to  the  tnm.- 
reversed  veloaty  potential.  L  -t  us  derive  this  relation  in  cave  of 
2-D  radiation  problems  as  an  example. 

An  asymptotic  behaviour  of  the  radiation  potential  s 


(■,  a  ilLii*)b#(sv  .y— t  let 


where  arguments  is/2  correspond  to  v  —  And  the  complex 
conjugate  o,”  is 

0.  a*  ill,  ;13» 


whrch  dr..o!es  incoming  wares  at  infinity,  considering  the  time- 
dependent  factor  exp  that).  Now  introduce  a  supplementary 
potentu!  o‘  which  has  out-going  progressive  waves  a!  mfsaty. 


Here  g  is  a  gravity  acceleration,  a  is  an  amplitude  of  an  incident 
wave.  0  is  a  shallow  water  parameter  defined  by 

0  =  tanh  Kb  *  Kh  seels-  Kb,  «6) 


d,‘  £4,‘  i  IH,  fw*-d*i  +  1 , 
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and  H,  i  ft  *  s  )  is  a  radiation  Kuchin  function  defined  by 

where  d,  (£)  b a  scattering  potential  defined  by 

Here  ds  (pi  is  an  incident  wave  potential  defined  fay 

.  _ _ cost  Kta+h)  .  .„  .  .  .  . 

OaVfri - tobilih — £*P^  'otx  OOS0  V  y  jnt^l. 

and  da  tpi  is  a  diffraction  potential  due  to  the  body,  where  K  = 
2 .A  is  a  wave  number.  >.  H  a  wave  length  and  i  -  v/2~}.  The  db- 
petrion  relation  is 

wr  =  KgtaahKh.  «9> 

and  a  group  velocity  V.  is 


A  diffraction  Kodun  function  b  defined  by 

«"> 


where  the  areunsents  p  an-*  B  denotes  a  Koehin  function  of  dstee- 
ti&n  8  due  to  an  incident  wave  of  direction  p_  The  double  integral 
shouhr  be  replaced  by  a  siorie  integral  m  2-0  prsMems  sn  t2».«T* 
ami  (lit. 

It  b  known  that  some  useful!  ret- 1 ions  exist  between  N„. 
II,  ip!  and  ll|  if.  Si.  A  t ime-reversed  velocity  potential  b  heip- 


wfcire  2  b  a  fluid  domain.  Using  the  buE  surface  boundary  condi¬ 
tion  C-f  a  scattering  probsem  and  conriderisg  tha*  vg>fSn  ii  a  real 
function  on  the  full,  the  boundary  condition  of  the  supfsktwssaay 
potential  0,'  b  written  as 


where  T„  b  I  be  welted  ha®  surface. 

From  a  uniqueness  of  the  betmdary-valse  probVm  with 
the  radhtior  conditioo.-^'  deleted  by  1 14|  5  equal  to 

~  ~ *  Kp  (-t  -'ji-plil  f  -  1 15) 

in  the  fuH  fluid  domain  2.  not  only  on  the  heSssfacsr.,. So  that 
another  ten  of  the  r-  presentation  of  the  itae-memd  potential 
d,‘  H  -derivea  for  a  case  of  2-D  radial k-u  probkias.  In  the  same 
manner,  the  foHowmg  results  are  derived  far  cases  of  2-D  scatter¬ 
ing  problems  and  5-0  protfc-ms  as  vgE  as  2-0  radialim  postal. 


'0,  +  sftI,  i-eio.i  -ii  +  li,  .  e»0,;v»l .m2. 


I(v»» 


6. 


iX 


tifhl 


'd,rpvs)  +  i{U,*f5,iio,i  gs 

I  *IL’ip.  SiiMtllmU.  «i“3) 

!  O.ipvei  *  ^  /  p.l#-eiH£*ip, tnf2  . 

*  ”  % ITbi 


Hero  aod  Nreatter  a  xad  b  after  a  number  of  the  eqsattass  denote 


2-D  case  and  3-D  case,  respectively.  The  equations  (16)  and  (17) 
were  derived  firstly  by  Bessho  ( 2 1  for  a  case  of  an  infinite  depth 
of  water.  These  relations  are  also  held  in  case  of  a  finite  depth, 
if  an  incident  wave  and  Ko-'.iin  functions  are  defined  by  (8),  and 
(7)  and  (11),  respectively. 

Substitution  of  (2)  and  (16)  into  (4)  yields 


[Hl*(f)ll1(|  )+H,*  (-§)  H,  (  |)1  . 


1  /”  H,  (0)H,*  (0)dfl  , 


(18a) 

(18b) 


The  right-hand  side  of  (18)  denotes  the  energy  dissipation  (21. 
1 14), 

Relations  between  Kochin  functions  are  also  derived  from 
(16)  and  (17).  Considering  the  conditions  of  original  potentials 
and  their  tune-reversed  potentials  at  infinity  like  as  (1 2)  and  (13). 
( 1 6)  and  ( 1 7)  yield 

H  *(/?)- !(,(/?+*) 

i  (  H,‘(/J+;r)Hj  (0.0+n)  +11,*  (0)  Hj  (0+rr./3+n)|  . 

_  (19a) 

Hj  (0+n  0+n)  H;  (0)  dd  .  (19b) 

Ha*  (0,0)  -  Hd  r/J+ir.0+jr) 
i  1  Hd*  (0.0+n)  Hj  (0.0+ ir) 

+  Hj  (0,0)  Hj"  (0+n, 0+n)  1  .  (20el 


[f-/  Hj  (<x+n.0+n)  Hj*  (0.<x)<.\a  .  (20bj 

Here  0  and  0  are  either  of  ±ir/2  in  .  ' >  cases  12) .  ( 14|. 

From  above  relations  and  Green's  theorem,  some  relations 
between  reflected  waves  and  transmitted  waves  as  well  as  relations 
between  reflected  and  transmitted  waves  and  radiation  Kochin 
functions  are  derived,  which  are  helpful  to  check  the  accuracy  of 
nunn-ical  calculations  of  2-D  hydrodynamic  forces  [8 1 . 

Let  G'  and  fi  be  a  complex  amplitude  of  reflected  and 
transmitted  waves  of  a  fixed  body,  respectively,  corresponding 
to  the  incident  wove  <f>0  (+n/2)  of  a  unit  amplitude.  They  are 
written  as 

fj,  =  -iHj  (?f  ,±|). 

(:" 

I  -  iHj  (+*.¥*). 


And  from  Green’s  theorem,  we  have 

r,=r;=fT.  <22> 

From  (21)  and  (22).  (20a)  yields 

i2  +  ttj-  i2  =  I  -  ) 

(23i 

C  =0-) 

lfR’i=ir-,.  (24) 


and  (19a)  yields 

M/f1  t  )fR  +  Hj*  (7-f  )fT‘  -  Hj  (±  | ) , 

j  =  2,  3,  4  .  (26) 

The  linear  equation  (26)  can  be  solved  for  fj, ,  fR  and  fT  *  =  fT  " 
=  f  r  From  the  uniqueness  of  the  solutions,  the  modes  of  motion 
j  are  not  independent  each  other.  There  are  two  linear  independ¬ 
ent  modes.  We  can  arbitrarily  choose  any  two  modes  out  of  three 
inodes  of  sway,  heave  and  roll  in  case  of  an  asymmetric  shape 
of  body  about  y  =  0.  But  note  that  roll  and  sway  are  linear 
dependent  modes  each  other  in  case  of  a  symmetric  shape  of 
body. 

2-2  Kquations  of  motion 

A  linear  theory  of  the  prediction  cf  the  motion  of  the 
floating  body  of  wave  power  absorption  is  following.  Without 
generality  we  can  define  an  incident  wave  0a  (n/2)  which  pro¬ 
gresses  to  positive  y-axis.  Let  M,.  d|.  k,.  g„,  c,,,  m„.  N„  and  F,  be 
a  mass  of  a  floating  body,  a  damping  and  a  restoring  force  co¬ 
efficient  of  an  energy  absorbing  device  which  is  a  hydraulic  system 
in  this  case,  a  linear  restoring  force  coefficient  of  a  mooring 
system,  a  hydrostatic  restoring  force  coefficient,  an  added  mass 
and  a  wave  damping  coefficient  due  to  radiation  ami  a  wave  exci¬ 
tation.  respectively  The  term  •‘mass”  in  a  generalized  sense 
includes  the  moment  of  inertia,  and  similarly  the  term  “force” 
includes  the  moment. 

The  equations  of  motion  are 


2  KM, 5,,  +  m„)(,  +  (N,,  +  d.S,,)^ 
+  <c„  +  k,6tJ  +giJ)£, )  =  E,"JI. 


c-i 

ii 

•  •  ,6  . 

(27) 

«.,= 

,  l  <i  =  K  , 

'o  (i  it  j) . 

(28) 

f,=l 

1 W  1 

(29) 

(27)  are  rewritten  in  a  matrix  forms, 

A{ +  B£ +  C|_=  EeitJ'.  (30) 


where  {  and  E  are  clumn  vectors  as  follows. 


i=(S,l  =[!;]«■“'  =U,lJ'  . 

j  =  1,2 . 6, 

(31) 

E=|E,|  .  j=  1,2.3 . 6, 

(32) 

and  A.  g  and  C  arc  square  matrices,  which  coi respond  to  coeffici¬ 
ents  of  (27)  of  an  acceleration,  a  velocity  and  a  displacement, 
respectively.  They  are  decomposed  as  follows. 

A  =  M  +  m 

B  =  N+d  ,  (33) 

C=c+k+g  , 


arg  ( ?R)  +arg  ( fR" )  =  (2n+ 1  )ir  +  2arg  ( fT  ) . 
n  =  0,  ±  I ,  ±2  , . . .  . 


(25) 
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whore-  the  square  matrices  oi  mass  M.  damping  coefficient  of  a 
load  4  and  its  restoring  force  coefficient  k,  are  all  diagonal,  and 
those  of  added  mass.m,  wave  damping  coefficient  N.  hydrostatic 
restoring  force  coefficient  £  and  linear  restoring  foice  coefficient 
of  a  mooring  system^  are  symmetric. 

From  (30)  and  (29).  the  response  in  regular  waves  is 

i=  (C  -<o2A  +  icoBT'B  ,  (34) 

where  1  I"1  denotes  an  inverse  matrix.  From  (30)  and  (33), 

the  hydrodynamic  force  defined  by  a  sum  of  radiation  forces 
and  a  wave  excitation  is  represented  in  two  forms,  as 

F  -  He1"'  -  in|  -  N 

+ii  +  (i  +  fL+ 8)t-  (35) 

2-3  Absorbed  wave  power  andpower  characteristics 


An  absorbed  wave  energy  is  the  work  done  by  the  hydro- 
dynamic  forces  acting  on  the  floating  body.  The  time-averaged 
absorbed  wave  energy  per  unit  time  dli/dt  is: 


dE 

dt 


=  k  f'  I  // r 


P-?—  ds  J  dt , 
ih  Bn 


(36) 


where  the  fluid  pressure  P  and  the  velocity  potential  4'  include 
the  (ime-dependent  factor,  as  follows 

P=  /?e|-i/wo(£  4>+4\)eiw,i  ,  (37) 

J=l  ' 

'I'  =  y?e(()?|4>,  +<K)e,u'  !  ,  (38) 

Here 

<i>,  =  iwl,0,  .  <39) 


=  J88  .  (40) 

5  GJ 

And  we  can  derive  the  following  relation, 

//  P^ds  =  /(e[FTl  Kel?  1  ,  (41) 

t'H  dn  -  ~ 

where  the  superscript  T  denotes  a  transposed  matrix. 

Substituting  (41)  and  (35)  to  (36),  we  have  representations 
of  3E7cf:  in  two  different  forms,  which  are  corresponding  to  the 
two  forms  of  the  hydrodynamic  force  column  vector  F  of  (35). 
From  the  upper  form  of  (35),  which  a  representation  of  the 
force- from  a  point  of  view  of  a  fluid,  (3t>;  yields 


f  =  f(U-Ei_*i-f'ijNr 
=  -  f  Im  (  2  l,e;  (2)]-HJ|  2  1,1,*  N„  ,  (42) 

i*i  “ 


whicn  was  derived  by  Newman  {141  and  Mei  &  Newman  1121. 
From  the  lower  form  of  (35),  which  is  a  representation  of  the 
force  from  a  point  of  vi°w  of  a  body,  (36)  yields 


dE  _ 
dt  2 


djljl, 


(43) 


which  is  an  extention  of  the  representation  derived  by  Evans  (4) 
to  a  case  of  6  modes  of  motion. 

(43)  is  more  convenient  than  ,42)  from  a  point  of  view  of 
optimization  of  a  wave  energy  absorption  system,  since  (43) 
includes  the  characteristics  of  the  load  of  an  energy  absorbing 


device  explicitly.  Both  (42)  and  (43)  arc  available  in  3-D  cases 
as  well  as  in  2-D  cases. 

The  optimal  characteristics  of  the  load,  which  are  the  damp¬ 
ing  coefficient  d,  and  the  restoring  force  coefficient  k,.  can  be 
determined  by  the  following  conditions. 


JL  i  hE. ,  _  ,,  JL 

Bkj  1  dt  1  J  ‘  Od, 


lfl=0. 


(44) 


when  a  geometry  of  a  floating  body,  a  mooring  system  and  a  wave 
frequency  w  are  given. 

If  there  are  no  coupling  terms  among  each  mode  m  the 
equations  of  motion,  dF/’Jt  is  maximized  when 


d,  =  N„  . 

k,  =  or  (M,  *  m„ )  -  (c„  +g„) . 


(45) 

(46) 


namely  the  damping  coefficient  is  equal  to  the  wave  damping  co¬ 
efficient  and  the  restoring  force  coefficient  is  chosen  for  its 
motion  to  be  resonant  1 1 1 .  |4| .  At  this  time,  the  amplitude  of  the 
motion  is 


.  _  _iga_ _ jjif  2^ _ 

|  lH,(-f )  I2  +  IH,(-  -f )  F 

J 


l  - 


ilirga 


h,<-4> 


w2k  /jH,(0)l2d0 

-  B 

And  the  maximized  absorbed  wave  power  is 


(47a) 


(47b/ 


|^Pga2V,£ 


IH,(-*)I2 


di¬ 
max -r-  = 
dt 


2  Pga2Vg 


'  IH,(§  )  Is  +H,(-f)l2 

)  l2 


(48a) 


(48b) 


/*  111,(0)  I2 d0 


where  j  denotes  the  independent  modes.  A  number  of  the  inde¬ 
pendent  modes  in  2-D  cases  is  2  at  the  most. 

For  general  coupling  motions,  d,  and  k,  which  are  given  by 
the  conditions  (44)  are  different  from  (45)  and  (46).  respectively. 
The  conditions  (44)  give  simultaneous  higher  order  algebraic 
equations. 

The  time-averaged  energy  per  unit  time  of  an  incident 
wave  per  unit  length  of  the  wave  crest  is  pga2  Vg  / 2.  Now  the 
wave  energy  absorption  efficiency  /  coefficient  (in  3-D  cases)  q  is 
defined  by 


f  dH/dt 

:  j  pga2Vf 


r)H 


u 


dE/dt  _ 
pga2VfB0 


(49a) 


(49b) 


where  Fj  is  the  width  of  the  floating  body.  The  wave  energy 
absorption  coefficient  is  "the  absorption  width"  non-dimen- 
sijnalized  by  B0,  which  is  able  to  be  called  “absorption  width 
.atio”. 

it  is  convenient  to  express  the  dynamic  characteristics  of 
the  hydraulic  system  3S  an  energy  absorbing  device  in  terms  of 
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the  power  characteristics,' namely  the  relation  between  the  load 
force  (or  torque),  which  corresponds  to  the  pressure  in  the 
hydraulic  cylinder,  and  the  velocity  (or  angular  velocity),  which 
corresponds  to  the  flow  flux,  let  FL|  and  VL)  be  the  component 
of  load  force  (or  torque)  with  the  same  phase  as  the  velocity  (or 
angular  velocity)  noimalized  by  a  wave  excitation  and  the  velocity 
(or  angular  velocity)  normalized  by  the  velocity  at  the  so-called 
natural  frequency  co0  of  a  j-mode  motion,  respectively.  They  are 
given  by 


Since 

r)  =  !  i  T P8a'!  V,B0 1 

.-XSg  £  [ljH^/h+ijXf/?)!  in l 

g  i-i 

■  Mg  (  /is  l,HtfO) i2  dO/Bp  .  (58) 

2n  g  -r  I- 1 


F 


Cl 


d,w lljl/lFjl  , 


—  CO  1 1, 1 


VLj  "  C00  lljlc 


where 


co0  =  ,<k,  +  c„+  «„•)/ CM,  +  m„) . 


(50) 

then 

(51) 

F,)/l4pga2Vg^B0| 

=  KB,,,  w2 Bo,2"  ! 

4ir  '  g  ’  i 

+  ^  i)  sin  (3  . 

(59) 


2-4  Characteristics  of  a  floating  breakwater  and  its  drift  force _ 

The  high  efficiency  of  energy  extraction  means  good 
characteristics  as  a  floating  breakwater.  Not  only  2-D  devices  but 
also  3-D  devices  with  proper  arrays  can  be  used  as  a  floating  break¬ 
water.  An  infinite  array  at  regular  intervals  is  one  of  the  examples, 
since  both  its  reflected  and  transmitted  waves  are  sums  of  finite 
number  of  2-D  plane  waves. 

Firstly  consider  2-D  problem.  Let  the  transmitted  and 
reflected  waves  be  fT~  and  ij((  .  respectively,  corresponsponding 
to  the  incident  wave  <t>0  (jt/2)  of  a  unit  amplitude.  £T“  (or  "  ) 
is  a  sum  of  the  transmitted  (or  reflected)  waves  JT  ~  (or  fK  "  )  of 
a  fixed  body  and  the  radiation  waves,  those  are. 


w4>+r;  ■ 


=-if  silH,(-|)+fK 


(52) 

(53) 


where  I,  is  an  amplitude  of  the  motion  of  the  body  due  to 
do  (tr/2).  which  is  given  by  (34) 

The  drift  force  is 


F„/(ipga'vf  J,^|2-{1  -?;■ 


(54) 


2-5  3-D  effect 

For  calculations  of  3-D  hydrodynamic  forces,  the  inter¬ 
polation  solution  of  Maruo  et  al  [9 J  is  expanded  to  an  asymmetric 
shape  of  body  about  y=0  [7).  According  to  the  solution,  hydro- 
dynamic  force  f„  defined  by  (2)  is 


f„  =  /  U,(x)h,/(x)dx  , 

-D./2 

in  a  deep  sea.  Here 

U,(x)  =  I,  j'=j  for  j  =  2~4  ^ 


U,(x)  =  (-lpx,  j'  =  8-j  for  j  =  5,  6  , 


and 


h, 


(2D) 


where  f,-,-  is  a  sectional  hydrodynamic  force  and 
i'  =  i  for  i  =  2~4  ,  j 
i'  =  8  -  i  for 
and 


[ 

i  =  5,  6  .  J 


(60) 


(61) 


(2D)  ,  <JI>> 

+  hij  » 

(62) 

.yU.W-fjj’W.U), 

(63) 

(64) 


Since 


v  =  §  /  ( ^pga2  vg)  =  l  -  ( ll  +IJR  I2 ) , 


(54)  yields 


F, ,/(TPgaJVg  “)  =  Uk  I2  +  h 


The  drift  force  in  3-D  cases  is 


F,» /  (  2  pga*  V* 


where  1,  =  and  H,  (8)  =  Hd  (0,  6) . 


(55) 


(56) 


dnPS.HHj'W  +  l,  H,  (0)]  mi 

_  Mo{«.,Bavi  t"  1£  LH,(0)H  sin9dO/B5  ,  (57> 
4  S  -n  !=' 


h„-  (1D>  =W,(x)  t-S,-(x)+BJ-(x)/K], 


(65) 


S2  (x)  =  0,  S}  (x)  =  S,  which  is  a  sectional  area,  1 
S4  (x)  =  ffr  ydydz,  which  is  a  moment  of  ! 

sectional  area,  B2  (x)  =  0,  Bj  (x)  =  yi  -- yj',  j  "  ’ 

which  is  width  of  water  line,  B4  ( x)  =  ( y j  -  y \ )  /  2  J 

Here  W,  (x)  is  defined  by 

W1(x)  =  fao(x)|N(KlB0/2+xl)+N(KIB0/2-xl)) 
t-2  i yt 

+  V  /(a0(x')-a0(x)|  N'(Klx-x'l)dx' .  (67) 


where 


-Bt/2 


N(u)  =  -  i  -ni-ln  2u+  -^/|H0(u')+Y0(u') 
-  o 

+2U0  (u')l  du' , 


N'(u)  =  -  f  +  T  |H0(u)  + Y0(u)  +  2iJ0(u)l  , 


(68) 
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and  H0  is  a  Struve  function,  V0  and  J0  are  Bessel  functions  and 
7  is  a  Euler’s  constant.  The  a0  in  (67)  is  a  solution  of  the  following 
integral  equation. 

2tra0  =|H,-(^)  +  H1.(  -5)1  U,(x) 

-[H3(|)  +  ll,(  |)|W,(x).  (69) 

By  making  use  of  W,  (x).  we  have  a  Kocliin  function 
II,  (0)  in  3-D  cases  as 


H,(0>  =  -  f  (7,  +7-.  sinf3)elk*  cosSdx. 


7 1  =  -U  »,•<-) +H('(  f)|  U,(x» 


||  Hj(")+Hj(-^)|  W,(x). 


72  =  3  IH,.(|)  H,.(  4)|  U,(Kl 


By  the  use  of  II,  (p).  we  have  a  wave  damping  coefficient  N,,  as 


N„  =  ^~  /"h,(0)II*  (0)d0 


from  (18b). 

Note  that  the  approximate  hydrodynamic  force  f„  given 
by  (60)  is  not  necessarily  symmetric  and  that  a  wave  damping  co¬ 
efficient  N„  given  by  (60)  and  (4)  is  not  necessarily  equal  to  N„ 
given  by  (72).  because  this  approximation  is  inconsistent.  But 
the  discrepancy  among  reciprocal  relations  is  proved  to  be  negligi¬ 
ble  numerically. 

2-6  Absorbed  wave  power  in  irregular  waves 

The  time-averaged  wave  energy  per  unit  time  Tl-./dt  of 
regular  waves  with  wave  height  ll=2a  and  period  T  in  a  deep  sea 
is  written  as 

=  3^g=H<T  ,73) 

The  time-averaged  wave  energy  per  unit  time  per  unit  length  of 
long  crested  irregular  waves  dE/dt  is 

<f>»  =fY5  ’  <7*> 

where  S'  (w)  is  a  sea  spectrum.  iSSC  Spectrum  S'  (w)  based  on 
the  Pierson-Moskowitz  sea  spectrum  with  visual  wave  height  Hw 
and  visual  wave  period  T*  is 

S' (to)  =  HWJTW  (Twcj/2rr)'sexp  |  -0.44  (Tw  ul2rt)~*  J. 


and  JONSWAP  spectrum,  as 

S',  (co)  =  -2|p-HwJTw*  T„  co/2rr)'5exp  |  -0.44  (T„  co/2rr)-*  1 
x3J,|,|-!?<,!,6T“",!"l)!'  '  (76) 


(0.07  fnr  A  gs  t#-i 

o  =  j  (77) 

10.09  for  co>  4.85  Ttt*‘  . 

Substitution  of  (75)  or  (76)  into  (74)  yields 

7f  !  0.54  HW*TW  kw/m  (iSSC) , 

%>„,  =  \  (78) 

\  0.57  H„JTW  kw/m  (JONSWAP) , 

respectively. 

From  the  joint  probability  density  function  p(Hw ,  Tw )  at 
an  area  wiiere  wave  absorbers  are  set,  the  expected  time-averaged 
wave  energy  per  unit  time  per  unit  length  is  derived  as 

E  Ilf  I  =  (0  f  )„rP(Hw.Tw  )dliwdTH  .  ,79) 

A  response  spectrum  of  the  time-averaged  absorbed  wave 
energy  per  unit  time  in  irregular  waves  is 

2S„(co)d<o  =  Hn>,  (co)  2S'(to)dco  .  (80) 

where  II,,..  is  a  response  function  of  the  time  averaged  absorbed 
wave  energy  per  unit  time,  which  is  expressed  as 

H-,»  (col  =  ,  -jf  )/a*  ,  (81) 

and  given  by  (42)  or  (43)  corresponding  to  an  incident  wave  of 
unit  amplitude. 

A  variance  P  of  the  time-averaged  '  sorbed  wave  energy 
per  unit  time  in  irregular  waves  is 


p  =  /  2Sn(co)dco  (82) 

O 

The  wave  energy  absorption  efficiency  coefficient  (in  3-D  cases) 
*?irr  is  defined  by 

rim  =  !’■  K 'jf  fin Bol  .  183) 

where  B0  is  a  unit  in  2-D  cases.  The  expected  time-averaged  wave- 
energy  per  unit  time  at  an  area  where  absorbers  are  set  is 

E I  Pi  =  //>p(H„.T„)dH„JT„  .  (84) 

=  # 

which  is  comparable  with  (79). 

By  the  use  of  a  response  function  Ht,„w(co)  of  an  ampli¬ 
tude  of  motions  which  is  given  by  (34)  corresponding  to  an  in¬ 
cident  wave  of  a  unit  amplitude,  we  have  a  response  spectrum 
StlJ)  ( co)  of  the  motion  in  irregular  waves,  as  follows 

2S,(j) , cold co  =  IH((JJ„  (<o)  I3  2S'(co)  dco  .  « 85) 

And  using  a  response  function  Mow  (co)  of  a  drift  force  F,,  which 
is  given  by  (56)  or  (59)  decided  by  a:  in  the  same  way  as  in  (81). 
we  have  a  response  spectrum  So  (co)  of  a  drift  force  in  irregular 
waves,  as  follows 


2S„  (co)dco  =  H|)n  (co)  2S'(co)dco  . 


3. _ EXPERIMENTS. 

Ir,  order  to  clarify  the  applicability  of  the  linear  theories 
to  the  prediction  of  the  performance  of  the  wave  power  absorber, 
we  investigated  experimentally  tfc  characteristics  of  absorbed 
wave  power,  wave  excitation,  and  1  otion  of  the  body  in  regular 
c  r  irregular  waves,  and  characteristi  s  of  radiation  waves  generated 
by  the  forced  oscillation  test  in  calm  water.  Their  characteristics 
are  tested  in  the  two-dimentional  model  basin  with  20  x  1.8  x 
1  m  (length  x  width  x  depth)  or  in  the  sea-keeping  basin  with 
50  x  30  x  2.5  m.  both  of  which  belong  to  University  of  Tokyo. 
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Water  depth  effect  on  Sailers  Duck  is  so  small  that  the  ex¬ 
periments  are  carried  out  only  in  deep  water  ( 1 3 1 . 

3-1  Shape  of  the  model  (Salters  Duck) 

Principal  particulars  of  the  model  are  shown  in  Fig.  2.  Its 
radius  of  the  submerged  circular  cylinder  is  R0  =  15.9cm.  hori¬ 
zontal  distance  between  roiling  axis  and  the  edge  of  the  water 
plane  is  30  cm,  and  width  of  the  body  is  163  cm.  The  slenderness 
ratio  is  1  3.55.  The  sectional  shape  and  the  draft  of  the  model 
were  decided  by  the  results  of  theoretical  calculations  in  order  to 
absorb  wave  power  efficiently  in  our  model  basin  (See  Appendix 
A).  The  moment  of  inertia  of  the  model  about  rolling  axis  with 
hydraulic  power  conversion  mechanism  is  0.494  kg-m-set”,  and 
the  one  without  the  hydraulic  power  conversion  mechanism  is 
0  346  kg-nrsec2.  Restoring  force  coefficients  in  roll  mode  and 
heave  mode  are  13.9  kg-m/rad  and  489  kg/ni.  respectively.  The 
vertical  distance  between  the  rolling  axis  and  the  origin  is  I  = 
1 5.9  cm. 

The  body  is  supported  at  both  ends  of  the  body  through 
rotational  bearings  by  the  frame  which  permits  the  heave  and 
sway  motions  (Fig.  4).  The  weights  of  the  model  in  heave  and 
sway  direction  are  1 76  kg  and  i  99  kg.  respectively . 

3-2  _Forced  oscillation  test 

The  mode!  oscillates  sinusoidaly  in  roll  mode  by  an  oil- 
hyurauhe  servomechanism  in  calm  water  in  the  2-1)  model  basin. 
The  reaction  roll  moment  is  measured  by  the  block  gauge  with 
capacity  of  100  kg.  which  is  used  for  the  measurement  of  wave 
excitation  force,  too.  Radiation  hydrodynamic  force  is  decom¬ 
posed  to  predicted  added  moment  of  inertia  and  wave  damping  by 
analyzing  the  relation  between  magnitude  and  phase  of  this  force. 

3-3  Wave  power  absorption  system 

Wave  power  is  converted  to  hydraulic  power  by  hydro¬ 
static  power  conversion  mechanism  which  consists  of  a  hydraulic 
cylinder,  a  flow  rectifying  valve  and  laminar  tubes  for  loads.  This 
mechanism  is  compact  and  has  the  advantage  of  easy  control  and 
storage  of  energy  (Fig.  4». 


We  test  first  the  reaction-torque  characteristics  of  this 
mechanism,  because  it  has  effects  on  both  the  motion  and  the 
absorbed  wave  power  efficiency  of  the  floating  body,  bspecially 
it  is  important  to  clarify  the  effect  of  the  suction  capability  of 
cylinder  and  of  the  volumetric  efficiency  of  the  rectifying  valve  on 
the  reaction  torque  characteristics.  The  reaction  torque  is 
measured  by  the  strain-gauge  with  capacity  of  6.0  kg-m  fixed  on 
the  cantilever  which  supports  the  cylinder  and  the  body. 


49.2' 


Cmf  X 


Fig.  4  Schematic  drawing  of  wave  power  absorber. 


1 .  Floating  body 


2.  Torque  measuring  qauge 
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Reaction  torque  characteristics  are  examined  by  forced 
oscillation  test  of  the  hydraulic  cylinder,  and  analyzed  by  Fourier 
analysis.  We  get  the  test  results  that  the  mechanism  has  not  only 
damping  characteristics  but  also  spring  one  due  to  cavitation  or 
aeration  of  fluid  in  the  cylinder  chamber.  The  both  characteristics 
are  shown  in  Fig.  5.  In  these  figures,  d  and  k  represent  the  load 
damping  coefficient  and  restoring  force  coefficient  of  the  hydrau¬ 
lic  power  conversion  mechanism. 

The  power  conversion  mechanism  consists  of  a  hydraulic 
cylinder  of  20  mm  in  diameter  and  1 50  mm  in  stroke,  a  flow- 
rectifying  valve  with  3 '8  inch  ports,  and  laminar  tubes  ol  0.65  to 
I  6  in  long  and  1.55  mm  in  diameter  of  which  pressure  and  flow 
characteristics  are  in  linear  relation.  W'orking  fluid  is  turbine  oil 
with  kinematic  viscosity  of  0.2  cnr/sec  at  30°C. 

3-4  Experimental  condition 

Test  results  of  2-D  model  experimented  in  the  model 
basin  is  called  “2-D  Experiment"  in  this  paper,  and  those  of 
3-D  model  in  the  sea-keeping  basin  is  called  "3-D  Experiment''. 
The  motion  of  the  model  is  tested  first  without  hydraulic  power 
conversion  mechanism  with  the  incident  wave  of  height  of  I  !„  =2. 
4  and  6  cm  and  period  of  I  to  2  seconds,  and  secondly  tested  with 
hydraulic  system  with  the  wave  of  height  of  4  and  6  cm.  I  he 
length  of  laminar  tubes  for  hydraulic  load  is  selected  to  l,.=0  65. 
0.7.  1.1,  1.4  and  1.6  m  long.  Effect  of  oblique  wave  is  tested  at 
the  encounter  angles  of  incident  wave  0=65°  and  90°. 

The  motions  of  the  body  are  classified  into  lour  categories. 
One  is  1  mode  (roll)  which  denotes  only  roll  motion,  the  second 
is  2  mode  (roll-sway)  which  denotes  the  roll-sway  coupled  motion, 
similarly  the  third  is  2  mode  (roll-heave)  and  the  fourth  is  3  mode 
(roll-sway-heave)  denotes  the  roll-sway-heave  coupled  motion. 
For  the  sway-mode  motion,  the  body  is  supported  by  additional 
springs.  The  spnug  constant  is  g;t=4l.7  kg/m  which  makes  the 
drift  displacement  be  one  tenth  of  the  supposed  water  depth  (200 
m)  in  regular  waves  of  seven  times  of  significant  wave  height  of 
operating  condition  when  the  drift  force  coefficient  is  assumed  to 
be  1.  In  case  of  2  mode  (roll-heave),  mechanical  friction  of  heave 
mode  which  is  estimated  to  be  1 .3  kg  is  added. 

in  the  forced  oscillation  test,  the  model  oscillates  in  1 
mode  (roll)  of  amplitude  l|4<;  I  =  3°  in  the  2-D  model  basin. 
In  this  experiments,  when  the  model  rolls,  water  runs  up  the  slope 
from  the  iee  wave  side.  The  effect  of  water  running  up  the  slope  is 
examined  by  using  two  types  of  bodies,  one  with  wall-sided  hull 
surface  and  the  other  with  inclined  surface. 

Wave  excitations  of  2-D  and  3-D  experiments  are  measured 
in  regular  waves  with  height  =  2.  4  and  6  cm  ami  period 
Tw  =  i  to  2  sec. 

Length  of  laminar  tube  is  I  ,,=0.7,  1.1  and  1.4  m.  3-D  ex¬ 
periments  in  irregular  waves  of  JONSWAP  with  significant  wave 
height  Hw=5.16cm  and  peak  periods  of  Tr=l. 2.  1.4.  1.6  and  1.8 
seconds  are  carried  out.  Duration  time  of  irregular  waves  are  about 
three  minutes.  The  scale  ratio  of  JONSWAP  is  settled  to  be 
1/30.98. 

Wave  power  is  absorbed  only  m  roll  mode. 

4. _ THE  RESULTS  OF  CALCULATION  AND  EXPERIMENT 

The  theoretical  calculations  of  hydrodynamic  forces  are 
determined  by  the  source  distribution  method  making  use  of 
stream  functions  The  evaluation  of  the  accuracy  of  the  calcula¬ 
tion  depends  on  three  different  methods  which  use  the  Haskind 
relation  of  (18a),  the  reciprocal  theorem  of  hydrodynamic  forces 
of  (2)  and  the  relations  between  reflected  and  transmitted  waves 
of  (22,  24.  25).  The  number  of  segments  on  the  wetted  hull  sur¬ 
face  is  90-  100.  The  hydrodynamic  force  (4ac,  etc,  of  rolling 
mode  about  the  rolling  axis  G  is  determined  by  tile  following 
equations. 

f*4G  =  *44  +  Wii  -  2ff„  . 

^24G  =  f^4  ~  Tfjj  .  (87) 


f}4G  ~  F>4  “  ^32  • 

where.!  is  the  vertical  distance  between  the  origin  and  the  rolling 
axisG.  The  Kochin  function  about  G  is  as  follows, 

IL,,.  (±"  )  =  U4<i*  )  -  I*  H,  (t  .  (88) 

Equations  (87)  and  (88)  are  available  to  3-D  case.  But  m  this 
case  3-D  modification  should  be  applied  to  hydrodynamic  forces. 
Because  the  section  of  the  floating  body  is  uniform  and  its  slender¬ 
ness  ratio  is  I  :  3.55.  there  are  two  kinds  of  problem  left  with 
regard  to  the  application  of  the  slender  ship  theory.  One  is  that 
the  assumption  of  the  end  of  the  slender  body  is  no1  satisfied  and 
the  other  is  the  slenderness  ratio  The  precise  discuss-on  should  be 
necessary,  but  it  is  left  in  future.  The  end  effect  is  treated  in  the 
following  manner  The  second  term  of  the  (69)  is  neglected  as  the 
approximate  solution  in  ease  ol  K  -*  0  and  K  °°.  The  remainder 
is  substituted  into  (67).  then 

1 1,  (  ^  i  +  H,  (  Ii 
w,(m  =  ~  i;,(.x)  -  -  ■ 

-  -JT 

x|N(KIB«  2-rxl  +  N(K.U0,:-\n|  .  (S9i 

The  relation  between  Kocluti  functions  and  radiation  wa'e 
amplitude  ratio  A,’  in  2-D  problem  is  as  follows. 

t.’  I,  =  iKH,(i*  i.j=  2.3  .  (»0i 

A,'  =  < 

U  !,!<«=  ■  £-11.113  l. 

j  =  4.  4G  .  <91 1 

Fourier  analysis  is  used  for  the  analysis  ol  the  experi¬ 
mental  data  in  regular  waves  Tile  111-phase  and  out-of-ph..se  com¬ 
ponents  of  first  to  fourth  order  are  analysed  from  data  of  five  to 
ten  periods.  FIT  (Fast  Fourier  Transform  1  is  used  10  analyze  the 
data  m  irregular  waves.  The  number  of  samples  is  2048  and  the 
sampling  time  is  0.07  sec.  Q  window  is  applied. 

The  results  of  the  experiment  and  numerical  calculation 
are  classified  and  listed  under  the  following  items,  hydrodynamic 
force,  motion,  absorbed  energy  and  power  characteristics,  charac¬ 
teristics  of  a  floating  breakwater  and  drift  force,  results  in  oblique 
waves,  and  results  in  irregular  waves. 

4-1  Hyd rod yiiami c  forces 

Fig.  6  shows  the  added  moment  of  inertia  about  the  rolling 
axis  G  tested  by  forced  oscillation  of  the  body  in  2-D  model 
basin.  Experiments  of  both  wall-sided  and  inclined  hull  surface 
are  carried  out.  In  the  figure,  results  of  numerical  calculation  arc- 
shown  in  case  of  both  2-D  and  3-D 

Eig.  7  shaves  the  tests  results  and  calculation  results  of 
hydrodynamic  damping  coefficient.  In  the  figure,  not  only  damp¬ 
ing  measured  by  torque  gauge  but  also  damping  calculated  by 
measured  radiation  waves  are  shown. 

Fig  8  shows  the  test  results  and  calculated  results  of  wave 
excitation.  In  the  figure,  experiments  of  exciting  moment  about 
a  rolling  axis  G  and  of  amplitude  ratios  of  radiation  waves  are 
shown  with  the  expression  of  Kochin  function. 

4-2  Motions 

Fig.  9  shows  the  roll  amplitudes  of  1  mode  (roll)  in  case  of 
wave  power  absorbed  and  not  absorbed.  Magnitude  of  hydraulic 
load  is  adjusted  by  the  length  of  laminar  tubes  (Fig.  5|.  In  this 
experiments,  the  natural  period  of  the  body  is  adjusted  to  be 
about  T0  =  1 .3  sec.  The  length  of  laminar  tube  lp  is  lp  =  1 .4  in. 
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Tlie  coupled  motions  of  roll-heave  and  roll-sway  are  shown 
in  Fig.  10  and  11,  respectively.  Each  of  them  shows  the  rocking 
amplitude  characteristics  in  which  heave  or  sway  motion  of  the 
body  is  allowed.  In  the  calculation  of  Fig.  9,  10  and  11.  the 
added  moment  of  inertia  is  estimated  by  the  experiment. 

4-3  Absorbed  wave  power 

Fig.  12  shows  the  wave  power  absorption  efficiency  or 
ratio  of  2-D  or  3-D  experiments  of  1  mode  (roll).  Nc.ural  period 
is  tuned  to  be  about  T0=1.3  sec  and  length  or  laminar  tubes  for 
hydraulic  load  is  adjusted  to  lp=0.7,  1.1  and  ..4  m.  The  added 
moment  of  inertia  is  estimated  by  the  theory  with  regard  to  the 
results  of  the  calculation  of  CAL*,  and  by  the  experiment  m4J,-, 
(exp.)  with  regard  to  CAL. 

Fig.  13  shows  the  comparison  of  efficiencies  affected  by 
allowance  of  coupled  motions.  Wave  power  is  absorbed  in  roll 
mode  of  2-D  experiment  with  natural  period  about  T0=  1.1  sec., 
of  3-D  experiment  with  about  T„=  1.3  sec  and  hydraulic  load  of 
lr=1.4m  tube  length.  In  the  calculation,  the  added  moment  of 
inertia  is  estimated  by  the  experiment  in44{-,  (exp.). 


Fig.  8  Wave  exciting  moment 


Fig.  9  Roll  amplitude 
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Fig.  !0  Amplitudes  of  coupled  motion  (roll-heave) 


Fig.  1 2  Absorption  width  ratio  (pure  roll) 


Fig.  1 1  Amplitudes  of  coupled  motion  (roll-sway) 


Fig.  14  shows  the  power  characteristics  of  relation  be¬ 
tween  torque  and  angular  velocity  of  2-0  experiment,  moment  of 
inertia  of  which  is  adjusted  to  be  M4G  =  0.494  kg'nrsec2.  The 
body  oscillates  in  one  roll  mode  in  sinusoidal  wave  trains,  and  the 
magnitude  of  hydraulic  load  is  adjusted  by  the  length  of  laminar 
tubes.  In  the  figure,  the  solid  lines  and  broken  lines  show  the 
calculated  power  characteristics  and  efficiencies,  respectively. 

Fig.  1 5  shows  the  characteristics  of  wave  power  absorbing 
torque  and  velocity  of  3-D  experiment  with  moment  of  inertia  of 
M-o  =0.494  kg*nrseeJ. 


Fig.  14  Power  characteristics  (2-D) 
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Power  chract  eristics  ( 3-D) 

Fig.  16  Transmission  coefficient  (load  damping  effect! 


Fig.  17  Transmission  coefficient  (coupled  motion  effect) 


4-4  Cliaractcris'ics  of  a  floating  breakwater  and  drift  force 

Fxperimental  results  of  transmi'ted  waves  in  2-D  case  are 
plotted  in  Fig.  16.  There  are  three  experimental  conditions  de¬ 
scribed  as  follows:  in  case  of  free  oscillation  in  waves  without 
absorbing  energy,  with  absorbing  energy  and  restrained  condition 
in  waves.  The  corresponding  numerical  results  are  shown  in  the 
same  figure.  The  result  of  the  calculation  ol  not-absorbed  case  in 
Fig.  16  coincides  with  that  of  absorbed  I  mode  (roll)  case.  The 
coupled  niotior  effect  on  transmission  coefficient  is  shown  in 
Fig.  1 7. 


Fig.  19  Absorption,  width  ratio  (oblique  waves) 


The  experimental  results  of  drift  force  of  2  mode  (roll- 
sway)  ca.es  are  plotted  in  Fig.  18.  The  conditions  are  as  follows: 
with  absorbing  energy  in  3-D  cases,  the  length  of  laminar  tube  is 
lp=  1.4  m  and  designed  natural  period  is  T0  =  1.3  sec.  In  the 
calculation  of  Fig.  16,  17  and  18.  the  added  moment  of  inertia  is 
estimated  by  the  experiment  m44G  (exp.). 

4-5  Results  in  Oblique  waves 

3-D  experiments  are  carried  out  in  the  sea-keeping  basin 
of  30  m  x  50  m  and  by  the  use  of  the  model  with  the  slenderness 
ratio  of  1 .63  m  x  0.46  m.  The  encounter  angles  of  incident  waves 
are  p  =  90°  (beam  sea)  and  65s.  The  length  of  laminar  tube  is  lr= 
>.4  m  and  the  dcs’gncd  roll  natural  period  is  T0=1.3  sec.  The  ex¬ 
perimental  and  numerical  results  of  absorbed  energy  and  motion 
are  shown  in  Fig.  19.  The  added  moment  of  inertia  in  the  calcula¬ 
tion  is  estimated  by  the  experiment  m44C  (exp.). 
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Fig.  23  Absorbtd  wave  power  (load  damping  effect) 


Fig.  2 1  Roll  spectrum  ( JONSWA  P) 


22  Absorbed  wave  power  spectra  (JONSWAP  &  1SSC) 


Fig.  24  Absorbed  wave  power  spectra 
(effect  of  mean  wave  period) 

4-6  Results  in  irregular  waves 

Experiments  in  irregular  waves  are  came.'  out  in  case  of 
only  3-D.  The  spectra  of  the  irregular  waves  of  JOWSWAP  and 
ISSC  are  shown  in  Fig.  20.  The  peak  period  of  ISSC  isTr=!.4  sec 
and  those  of  JONSWAP  are  TP=1.2,  1.4.  1.6  ar.d  1.8  sec.  The  de¬ 
signed  waves  and  the  corresponding  measured  results  arc  shown  in 
the  figure.  The  results  of  experiments  and  two  kinds  of  calcula¬ 
tions  of  the  roll  spectrum  of  1  mode  (roll)  are  shown  in  Fig.  21. 
These  calculations  are  theoretical  one  in  which  design  wave 
specturm,  design  damping  coefficient  of  hydraulic  load  and  theore¬ 
tical  response  function  with  m««0  (exp.)  are  used,  and  the  one  is 
which  the  experimental  results  of  wave  spectrum,  added  moment 
of  inertia  and  damping  coefficient  of  hydraulic  load  are  used. 
The  peak  period  of  JONSWAP  is  Tr  =  1 .4  sec  and  the  length  of 
laminar  tube  is  Ip  =  1 .4  m. 

The  spectra  of  absorbed  wave  power  are  shown  in  Fig.  22. 
23.  24  and  25. 
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The  analytical  methods  of  absorbed  wave  power  from  the 
time  series  of  the  experimental  data  in  irregular  waves  are  describ¬ 
ed  as  follows.  We  assume  that  the  column  vector  of  load  forces 
T  can  be  expressed  linearly  like 

T  =  d j  +  kj  .  <93> 

as  compared  with  (35).  The  virtual  absorbed  wave  power  is  written 
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Fig.  25  Absorbed  wave  power  spectrum  (EXP  &  CAL) 


RTj(r)  =  jim  /TTRe|TT(t)i  Re|J  (t+r)|  dt 

=  2  (d:  <{JC(t )  tje  ( t+T)  > 

i 

+k,  < t-t  ( t) tjc  (t+r)  >  ] 

=  2dlRt()1(r)  =  -2djRl(|,(T)  .  (96) 

Therefore  the  cross-spectrum  of  Re  IT  J  and  Re  It  I  which  cor¬ 
responds  to  (96)  is 

Sjt(<o)  -  2djSf(i)(to)  -  2djio2S|(j) (w)  .  (97) 

So  far  we  assume  the  Ergodic  and  stationary'  hypothesis  of  Re 
(TJ  and  Re  [£!. 

As  comparing  (97)  with  (95)  the  spectrum  of  absorbed 
wave  power  S,,(to)  is  defined  rationaly  in  the  following  manner, 
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Fig.  26  Variance  of  absorbed  wave  power  spectrum 
(JONSWAP) 


S^(co)  =  ST(tw)  =  toST{(cu)  ,  (98) 

As  is  similai  to  (82),  the  total  power  P  (the  variance  of  S,,  (to) ) 
which  is  absorbed  by  a  wave  absorbing  device  i;  described  as 


p  =  /  2S„(co)dw  =  2/  ST{  (cuklw 

o  O  ~  » 

=  j-RTI»)t(i;(0>  =  ?^T(i)t(i)<0)  .  (99) 

Fig.  22  shows  the  comparison  of  JONSWAP  with  iSSC 
with  regard  to  spectra  of  wave  power  of  incident  waves  and 
absorbed  wave  powers.  The  length  of  laminar  tube  is  lP=I.4m. 
The  effect  of  hydraulic  load  on  absorbed  wave  power  spectra  is 
shown  in  Fig.  23.  The  peak  period  of  JONSWAP  isTP=1.4scc, 
and  the  length  of  laminar  tube  varies  from  lp=0.7.  1.1  to  1.4  m. 
Fig.  24  shows  the  effect  of  the  mean  wave  period  of  wave 


spectrum  which  has  the  constant  significant  wave  height.  The  peak 
period  of  the  corresponding  JONSWAP  varies  from  TP-=!.2.  1.4. 
1.6  to  1.8  sec,  and  the  length  of  laminar  tube  is  lp=1.4m.  The 
comparison  of  theoretical  calculation  with  experimental  results 
is  shown  in  Fig.  25.  There  arc  three  kinds  of  calculations,  these 
are,  the  theoretical  calculation  according  to  (80)  in  which  only 
the  added  moment  of  inertia  is  estimated  by  the  experiment 
m44G  (exp.),  the  one  in  which  the  experimental  results  of 
!i,„(to)  of  (80)  in  regular  waves  and  measured  wave  spectrum 
are  used,  and  the  one  in  which  the  experimental  results  are  applied 
to  the  damping  coefficient  of  (97)  and  roll  spectrum.  The  peak 
period  of  JONSWAP  is  TP=1.4  sec  and  the  length  of  laminar  tube 
is  I, =1.4  m. 

The  absorbed  wave  power  coefficient  (or  absorption  width 
ratio)  in  irregular  waves  which  is  analyzed  by  (99)  and  (83)  is 
shown  in  Fig.  26[3|.  The  solid  line  corresponds  to  the  results  of 
calculation  of  lp=!.4m  in  which  the  design  wave  spectrum  and 
the  added  moment  of  inertia  m44G  (exp.)  are  used. 


5.  DISCUSSION 

We  first  investigate  the  application  of  linear  theory  which 
is  based  on  (27).  Hydrodynamic  forces  on  the  asymmetric  float¬ 
ing  body  is  handled  first.  With  regard  to  hydrodynamic  forces 
of  roll  mode,  the  linear  theory  is  applicable  to  damping  coefficient 
and  wave  excitation.  Radiation  wave  amplitude  ratio  can  be  also 
estimated  by  the  linear  theory.  On  the  contrary,  the  non-linear 
effect  occurs  on  added  moment  of  inertia  of  Salter  Duck  'he 
circular  cylinder  part  of  which  is  fully  submerged  and  the  linear 
theory  does  not  work  for  added  moment  of  inertia  of  roll  mode. 

Next  hydrostatic  restoring  force  is  handled.  Because  the 
floating  body  is  asymmetric,  the  restoring  force  is  not  only- 
non-linear.  but  also  asymmetric  (Fig.  3)  Because  of  this  fact,  it 
seems  that  non-linear  effect  may  oceur  on  large  rolling  motions 
But  from  the  results  of  motion  (Fig.  9).  absorbed  wave  power 
(Fig.  12)  and  responses  in  irregular  waves  (Fig.  25 1,  the  linear 
theory'  is  considered  to  be  effective  in  case  of  not  so  big  roil 
angles.  The  linear  theory'  is  applicable,  because  the  incident  wave 
amplitude  in  operating  condition  is  small  anu  roll  amplitude  is 
relatively  small  in  case  of  absorbing  wave  power.  The  non-linear 
effect  presents  fractional  harmonic  oscillation  when  the  Salter 
Duck  does  not  absorb  wave  power  and  it  oscillates  in  large  roll 
amplitude.  The  steady  heave  force  is  produced  in  case  of  2  mode 
(roll-heave)  motion  and  the  sinkage  is  observed  as  a  non-linear 
phenomenon. 

Besides  roll  motion  and  absorbed  wave  power  of  asym¬ 
metric  floating  body  suen  as  Salters  Duck,  its  coupled  motions 
effect  (Fig.  9, 13).  transmission  coefficients  (Fig.  16, 17).  drift 
force  (Fig.  18).  and  absorbed  wave  power  in  irregular  waves 
(Fig.  25).  can  be  predicted  by  the  use  of  linear  equations  of 
motion  if  the  coefficients,  especially  the  added  moment  of  inertia 
of  the  equations  of  motion  are  estimated  correctly. 

Second  we  investigate  the  linearity  of  load  of  the  hydraulic 
system.  The  experiment  proved  that  there  existed  non-linear 
components  of  load  damping  and  also  of  spring  term.  But  as  long 
as  Fig.  9.  1 2.  25  show,  these  non  linear  components  do  not  have 
effects  on  motion  and  absorbed  wave  power.  lissencially  appro¬ 
priate  radius  of  a  hydraulic  cylinder  and  appropriate  working  oil 
should  be  selected  so  as  to  exclude  the  spring  term  in  a  hydraulic 
system. 

Considerations  will  be  done  in  the  order  of  the  items  in 
chapter  4  as  follows. 

5-1  Hydrodynamic  forces  on  an  asymmetric  floating  body 

The  accuracy  of  numerical  calculations  on  Salter  Duck  of 
singularity  distribution  method  using  stream  fun<  tion  is  getting 
worse  as  the  draft  is  increased.  Especially  in  case  of  the  circular 
cylinder  be  fully  submerged  at  lee  wave  side  the  accuracy  gets 
worst.  While  50  segments  are  enough  for  the  draft  be  as  deep  as 
that  of  the  radius  of  the  circular  cylinder,  however,  in  case  of  fully 
submerged  circular  cylinder.  100  segments  are  required.  Tiic  body 
Boundary  condition  at  the  comer  of  free  surface  and  hull  surface 
is  assumed  to  be  wall  sided  The  condition  of  "wall  sided"  is 
necessary  in  order  to  get  the  linear  unique  solution,  because  the 
comer  of  free  and  hull  surface  is  generally  singular.  But  as  the 
comer  has  a  slope  in  fact,  it  is  easy  to  imagine  that  non-linear 
effect  may  occur.  This  local  non-linearity  is  considered  to  have  a 
strong  effect  on  added  moment  of  inertia.  Fig.  6  shows  this  fact. 
In  the  forced  oscillation  test  the  following  phenomenon  was 
observed,  that  is  the  waves  ran  up  the  slope  from  the  side  of  fully 
submeiged  circular  cylinder  the  so  called  lee  wave  sid  .  The  negative 
added  moment  of  inertia  occured  at  this  stage.  The  negative  added 
moment  of  inertia  also  happends  when  a  fully  submerged  rectan¬ 
gular  cylinder  gets  close  to  water  surface.  This  fact  tells  us  that 
the  negative  added  moment  of  inertia  is  caused  by  the  behavicr  of 
water  between  hull  surface  and  water  surface.  The  additional 
experiment  in  which  the  boundary  condition  at  the  comer  of  hull 
surface  and  water  surface  was  changed  to  be  wall  sided  was  carried 
out  and  the  results  were  different  from  those  of  the  former  tests. 
But  the  latter  experimental  results  did  not  agree  with  the  linear 


theory  prediction  either.  That  is  to  say,  by  making  use  of  the 
linear  theory  we  could  not  predict  the  added  moment  of  inertia 
of  a  floating  body,  the  rear  side  of  wiiieh  is  fully  submerged  just 
under  the  water  surface. 

On  the  other  hand  the  prediction  of  the  damping  co¬ 
efficient  based  on  linear  theory  is  in  good  agreement  with  the 
corresponding  experiment.  This  fact  tells  that  almost  all  of  the 
components  of  damping  force  is  wave  damping  force.  The  Haskind 
relation  holds  among  the  experimental  results  of  wave  excitation, 
damping  coefficient  and  radiation  wave  amplitude  (Fig.  7, 8). 
Though  the  forced  oscillation  tests  are  carried  out  only  for  roll 
mode,  the  same  conclusion  seems  to  be  derived  for  sway  3nd  heave 
modes.  That  is.  in  ease  of  a  floating  body  the  rear  part  of  which  is 
fully  submerged,  good  predictions  of  damping  force,  wave  exeit.'f'- 
tions  and  radiation  wave  amplitudes  may  be  obtained,  while  it  is 
hard  to  predict  generalized  added  mass  by  the  use  of  linear  theory. 
When  the  draft  is  getting  closer  to  the  radius  of  the  rear  circular 
cylinder  part,  that  is.  the  section  from  becomes  shiplike,  good 
prediction  of  even  generalized  added  masses  are  considered  to  be 
obtained. 

The  above  mentioned  conclusions  are  derived  from  the 
results  of  experiments  which  are  carried  out  within  i3°  ol  the  roll 
amplitude  of  forced  oscillation  tests.  Those  conclusions  could  not 
be  applied  when  roll  amplitude  becomes  as  large  as  the  tip  ol 
;he  Salters  Duck  gets  under  water  surface,  because  the  large  non¬ 
linear  effect  seems  to  occur.  But  the  above  mentioned  conclusion 
can  be  applied  to  the  response  prediction  of  Salters  Duck  under 
operating  condition.  The  non-linear  effects  under  survival  condi¬ 
tion  are  no;  considered  here  though  it  is  necessary  ro  investigate 
them  in  order  to  des:gn  a  practical  device. 

5-2  Motion  characteristics 

The  roll  motion  can  be  predicted  by  a  linear  theory  under 
operating  sea  condition  so  long  as  tiie  experimental  result  ol  the 
added  moment  of  inertia  inJ4<.  (exp)  is  used.  I  he  big  difference 
between  roll  motion  prediction  methods  of  usual  ships  and  Salters 
Duck  is  that  the  wave  damping  is  enough  as  the  component  of 
hydrodynamic  damping  forces  in  case  of  Salters  Due!:.  And 
another  is  that  asymmetric  floating  body  such  as  Salters  Duck 
may  not  get  the  maximum  value  at  the  resonant  frequency 
because  of  the  dependency  of  hydrodynamic  forces  such  as  added 
moment  of  inertra  (Fig.  9).  though  roll  motion  of  usual  ships 
generally  gets  the  maximum  amplitude  at  the  resonant  frequency. 
It  has  been  already  mentioned  that  non  linear  effect  is  strong  on 
the  added  moment  of  inertia  because  of  the  steep  slope  at  the 
intersection  of  water  surface  and  the  hull  surface  of  the  Salters 
Duck  which  is  used  in  this  paper.  The  same  kind  of  non  linear 
effect  i:  observed  when  it  oscillates  freely  in  calm  water;  that  is. 
it  is  difficult  to  measure  the  natural  period  by  making  use  of 
data  of  only  (hree  or  four  rolls,  because  the  damping  is  very  large 
and  the  period  changes  not  slightly  at  each  roil 

When  the  wave  power  is  not  absorbed,  the  roll  double 
amplitude  becomes  large,  that  is,  about  35°.  Then  three  kinds  of 
non-linear  phenomena  are  observed.  One  is  that  fractional  harmo¬ 
nic  oscillation  is  observed  within  the  range  of  the  period  T»  =  1 .2 
~1 .4  sec  Next  is  that  the  mean  position  of  roll  oscillation  is  not 
the  same  as  the  equilibrium  position  in  calm  water.  And  the  dif¬ 
ference  is  at  most  5°.  The  other  is  that  heave  oscillation  of  2-mode 
(roll-heave)  motion  is  asymmetric  with  regard  to  the  equilibrium 
position  in  calm  water.  And  the  non-equilibrium  quantity,  that  is 
sinkage,  is  as  large  as  the  heave  amplitude.  Those  three  kinds  ol 
non-linear  phenomena  are  caused  by  ncn-linear  nudrostatic 
restoring  force. 


5-3  Absorbed  power  and  the  power  characteristics  of  hydraulic 
system 

2-D  experimental  results  in  Fig.  1 2  <!k>ws  that  the  absorb¬ 
ed  wave  power  efficiency  of  Salters  Duck  with  3  hydraulic  system 
is  excellent.  Saitcr  1151  already  proved  by  experiment  that  the 
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absorbed  wave  power  characlcristivs  of  Sailers  Duck  was  fine,  and 
Ta  taka  i  ioj  earned  oul  the  experiment  01  Sailers  Duvk  in  which 
a  load  of  a  hvdraulic  s>  stem  was  used  Bui  this  is  lire  firs!  expen 
"lent  of  Salters  Duck  in  which  the  characteristics  of  a  hvdraulic 
system  is  investigated  in  detail. 

Though  the  load  of  a  hydraulic  system  contains  non-linear 
terms  and  its  damping  and  spring  components  arc  functions  cf 
frequency,  the  results  of  numerical  calculation  b>  linear  theory  are 
in  good  agreement  with  those  of  2-D  experiments  in  regulat  waves 
The  optimum  load  in  the  experiment  was  designed  according  to 
(45)  and  (46).  In  Fig.  14.  2-D  system  absorbs  wave  power  in  nigh 
efficiency,  when  the  hydraulic  load  damping  force  is  adjusted  to 
half  of  wave  excitation  force  at  resonance.  Ti..  design  conditions 
for  the  optimum  load  are  predicted  to  be  the  length  of  laminar 
tube  lr  =  t.4  m  and  the  natural  period  T0  =  1.3  sec.  iKRs  =0.38). 
It  seems  in  fact  that  the  optimum  value  of  the  length  of  laminar 
tube  is  between  !P  =  1.4  m  and  i.l  m.  The  accuracy  of  the 
experiments  of  absorbed  wave  power  depends  mainly  on  the 
accuracy  of  wave  measurement.  While  roll  angle  is  in  proportion 
to  wave  height,  absorbed  vv»ve  power  coefficient  is  in  proportion 
to  square  of  wave  height.  Therefore  it  is  difficult  for  the  accuracy 
of  absorbed  wave  power  to  get  better  than  of  roll  motion.  In  any 
case  it  is  possible  to  design  Salters  Duck  with  a  hydraulic  system 
which  has  excellent  efficiency  when  the  characteristics  of  load  of 
a  hydraulic  system  are  given. 

The  spring  characteristics  shown  in  Fig.  5  of  the  mecha¬ 
nism  will  be  derived  both  from  the  separation  of  fluid  column  in 
the  cylinder  chamber  or  in  the  pipeline  at  cylinder  suction  inter¬ 
val.  and  from  the  elastic  deformation  of  aerated  or  caviuted 
bubbles  at  cy  Under  discharge  interval.  The  apparent  Spring  con¬ 
stant  acted  on  the  cylinder  increases  as  discharged  pressure  of  the 
fluid  is  higher  and  cylinder  suction  speed  is  iarger.  The  linear 
prediction  of  power  characteristics  is  fairly  good  in  case  of  2-D 
(Fig.  14).  That  of  3-D  case  is  not  so  bad. 


5-4  Characteristics  of  »  Uniting  break  water 


uilU  119  Ultit  lUltC 


The  characteristics  of  a  floating  breakwater  of  Salters 
Duck  are  described  as  follows,  transmitted  waves  are  almost 
disappeared  in  ease  of  a  floating  body  restrained  in  waves,  and 
in  case  of  I  mode  (roll)  motion  with  absorbing  wave  power  and 
also  without  absorbing  wave  power.  The  performance  of  the  float¬ 
ing  breakwater  is  reduced  in  the  order  of  2  mode  (roll-heave).  2 
mode  (roll-sway)  and  3  mode  troll-heave-sway)  motion. 

Drift  force  increases  as  the  draft  increases  in  case  of 
restrained  floating  body.  When  wave  power  is  fully  absorbed, 
tile  drift  force  coefficient  decreases  to  about  0.5  in  case  of  2-D 
and  1  mode  ( roll  i  motion.  Therefore  absorbing  wave  power 
rather  becomes  an  advantage  from  the  stand  point  of  a  mooring 
system.  There  is  no  difference  noticed  between  drift  forces  of 
restrained  Salters  Duck  in  waves  and  of  freely  rolling  one  in  ease 
of  2-D  1  mode  i rally  motion  (Fig.  16).  The  coupled  motion 
effect  of  roll-sway  on  the  drift  force  is  remarkanlc  in  2-D  case 
(Fig.  18) 

5-5  3-D  effect 

While  2-D  floating  body  can  absorb  incident  wave  power 
of  a  widin  of  a  floating  body  at  most,  absorbed  wave  power  of 
a  3-D  floating  body  may  he  greater  than  that  of  2-D.  because  the 
absorbed  wave  power  is  affected  by  incident  waves  the  width  of 
which  is  larger  than  the  width  of  a  floating  body.  The  slender¬ 
ness  ratio  of  the  model  used  in  this  paper  is  1.3.55.  Theoretical 
calculation  is  based  on  Kmoshita's  method  i~j  which  is  described 
in  section  2-5  3-D  effect  on  radiation  and  diffraction  hydro- 
dynamic  forces  occurs  at  low  frequency  range  (Fig.  6.  A-3). 
As  mentioned  in  section  2-5.  there  arc  two  calculation  methods 
of  wave  damping  coefficients  N„.  Around  zero  of  frequency, 
numerical  calculation  of  wave  damping  by  making  use  of  pressure 
integration  does  no!  tend  to  rero.  hut  that  by  making  use  of 
Kochin  function  tends  to  zero  (Fig  A-3).  Therefore  the  Koeltin 
function  method  looks  better  for  the  prediction  of  3-D  effect 
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In  case  of  a  present  mouel  with  adopted  natural  fre¬ 
quencies.  the  3-D  effect  on  roll  is  quite  httle  in  experimented  wave 
frequency  region,  as  calculations  predict  (Fig.  9).  The  real  3-D 
effect  on  absorbed  wave  power  is  not  so  apparent  as  the  calcula¬ 
tions  predict  (Fig.  12).  But  the  prediction  of  the  effect  of  oblique 
waves  is  not  bad  (Fig.  19).  Oblique  wave  effect  on  absorbed  wave 
power  is  obvious,  while  roll  motion  is  not  influenced  very  much 
by  that  effect  (Fig.  19).  But  there  is  some  problem  left  with  regard 
to  the  accuracy  of  prediction  of  absorbed  wave  power.  The  end 
effect  and  slenderness  ratio  have  to  be  investigated  in  future. 

5-6  Oharaeteris'ics  in  irregular  waves 

Though  the  agreement  of  roll  between  theory  and  experi¬ 
ment  is  fairly  good  in  regular  waves.  Fig.  21  snows  that  numerical 
results  are  j  httle  bit  larger  than  experimental  ones.  The  reason 
seems  to  be  based  on  non-linearity  of  hydrodynamic  and  Hydro¬ 
static  foices. 

Fig.  22  shows  the  difference  between  absorbed  wave 
power  spectra  of  JONSWAP  and  iSSC  wave  spectra.  The  mean 
wave  period  and  significant  wave  height  of  each  wave  spectra  are 
the  same  as  one  another.  According  to  (78).  the  total  wave  power 
of  JONSWAP  spectrum  is  larger  than  th3t  of  ISSC  spectrum.  The 
absorbed  wave  power  of  JONSWAP  is  larger  than  that  of  ISSC, 

Fig.  23  shows  the  effect  of  the  load  of  the  hydraulic 
system.  The  length  of  laminar  lube  varies  from  lr=0.7  m.  1.1  mto 
1.4  m.  There  is  no  significant  difference  among  1P=0.7  m.  1.1  m 
and  1 .4  m  with  regard  to  absorbed  wave  power  spectra,  but  the 
variance  of  iP=  1 .4  rn  is  largest  among  them.  The  load  damping  co¬ 
efficient  which  corresponds  to  lr=  1 .4  m  is  close  to  the  wave 
damping  coefficient  of  the  natural  period  T0=  1 .3  sec.  (Fig.  5). 

Fig.  24  shows  the  effect  of  measured  mean  period  of 
the  irregular  waves  JONSWAP.  The  absorbed  wave  power  is  get¬ 
ting  larger  as  the  corresponding  peak  period  TP  is  closer  to  the 
natural  period  T0=i.3see.  of  a  floating  body.  The  total  wave 
power  is  increasing  in  the  order  of  wo;=6.1.  5.8.  4.8  and  4.3 
rad/sec.  because  the  significant  wave  henrht  is  constant  in  (78). 
But  the  absorbed  wave  power  coefficient  defined  by  (83)  may  be 
optimum  around  Tr=l  .3  sec  (Fig.  26).  When  we  consider  both 
Fig.  23.  24  and  Fig.  26,  it  seems  that  the  optimum  conditions 
in  which  the  absorbed  wave  power  obtains  the  maximum  are 
as  follows,  the  natural  period  of  roll  of  the  wave  power  abosrbmg 
device  coincides  with  the  corresponding  peak  period  of  the 
irregular  waves,  and  the  load  of  the  hydraulic  system  is  made  to  be 
as  same  as  the  wave  damping  at  the  corresponding  peak  period. 

Fig.  25  shows  the  comparison  of  theoretical  results  with 
experimental  ones.  The  prediction  method  of  total  absorbed 
wave  power  by  linear  theory  still  works  well. 

5-7  Coupled  motion  effect 

In  case  of  absorbing  wave  powet.  the  roll  amplitude  in 
regular  waves  is  gcui.ig  smaller  in  the  older  of  I  mode  (roll). 
2  mode  (roll-heave),  (roll-sway)  and  3  mode  (roll-sway-hcave) 
motion  (Fig.  9).  And  absorbed  wave  power  is  also  decreasing 
in  the  same  order  (Fig.  13).  Fig.  26  shows  that  the  same  con¬ 
clusion  hoids  even  in  irregular  waves. 

fc.  CONCLUSIONS 

With  regard  to  hydrodynamic  forces  which  act  on  Salters 
Duck,  we  conclude  that  damping  forces  of  roll  mode  and  roll 
exciting  moment  van  be  predicted  by  linear  theory  so  long  as  the 
amplitude  of  roll  motion  and  incident  waves  3rc  small.  If  the  rear 
side  of  submerged  circular  cylinder  of  the  Salters  Duck  is  fully 
submerged,  it  is  difficult  to  predict  3dded  moment  of  inertia  of 
roll  mode. 

With  regard  to  roil  motion,  we  conclude  that  when  wave 
pow-er  is  absorbed,  roll  motion  which  is  relatively  small  can  be 
predicted  by  the  linear  theory  by  making  use  of  the  experimental 
result  of  the  added  moment  of  inertia  inertia  TnJJf;(cxp’,. 


With  regard  to  absorbed  wave  power,  we  conclude  that  in 
case  of  2-D  and  3-D  problem  linear  prediction  metiscz!  works  well. 
And  tile  3-D  effect  on  a  floating  body  which  has  the  slenderness 
ratio  1:3.55  is  not  remarkable.  The  oblique  wave  effect  is  obvi¬ 
ous.  The  coupled  motion  effect  makes  the  wave  power  absorbing 
cliaractenstics  worse  in  the  order  of  heave,  sway  and  heave-sway 
There  is  an  example  in  which  loads  of  a  hydraulic  system  include 
spring  constant.  The  linearity  holds  for  the  damping  coefficient  and 
spring  constant  of  the  load  of  a  hydraulic  system  But  it  is  hoped 
that  the  hydraulic  system  with  small  spring  constant  will  be 
produced  by  taking  account  of  the  shape  of  a  cylinder  and  c’-xk 
valve. 

The  dnft  force  oil  Salters  Duck  is  smaller  when  wave 
power  is  absorbed  than  when  wave  power  b  absorbed. 

The  following  conclusions  arc  derived  from  3-D  expen- 
ment  in  itTegular  waves.  The  linearity  holds  on  the  load  of  the 
hvdrauhe  system  in  the  operating  eoitdiiion.  The  wave  power  ab¬ 
sorption  characteristics  of  Salters  Duck  m  irregular  waves  looks 
good,  because  the  spectrum  of  irregular  waves  is  relatively  narrow 
band  as  compared  with  the  frequency  band  width  at  which  3-1) 
wave  power  absorption  coefficient  performs  very  well  The  opti¬ 
mum  conditions  to  obtain  She  maximum  absorbed  wave  power 
by  !  mode  f  roll »  motion  in  irregular  waves  seems  to  In-  equivalent 
to  those  in  regular  waves  which  depends  on  *-*5*  and  i4t >i 
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APPENDICES 

Appendix  A  Materials  to  desert  a  floating  body. 

A- 1.  The  shape  of  the  body  should  have  characteristics  of  a 
large  radiation  Kochir.  function  on  one  sale  and  snail  one  on  the 
other  side  as  shown  in  c48i.  The  tiitplilude  of  motion  in  a 
designed  condition  can  be  made  the  smaller,  if  the  body  has  the 
larger  radiation  Kochiit  function,  as  shown  in  >47 1. 

Radiation  Kochm  functions  non-dimensionalized  by  the 
bill  length  R, .  which  ts  defined  by  the  distance  between  roiling 
axis  and  tip  of  the  cross  section,  vs.  wave  number  which  is  non- 
dimensionaUzcd  by  a  draft  1)9  of  the  body  are  shown  in  Fig.  A-l 
for  three  Salters  Ducks  with  different  bill  length  draft  ratios 
K,  !)„  =  !.«5.  !.0“  and  n.-to  [t.j  l  or  the  former  two  Ducks, 
they  are  compared  with  experiments. 

Maximized  absorbed  ivower  efficiencies  defined  by  t4gi 
are  shown  in  Fig.  A  2  for  the  Duck  with  R,  I)a  =0.89  with  a 
parameter  of  draft  and  twice  of  radius  ratio  |>e  2R„  =0.156, 
0  759.  0.93b  and  1.0  The  Maximized  absorbed  po  ser  efficiency 
curve  of  the  Duck  with  R,  1)„  =  1 .07  and  1)„  2R6  =  1 .0  coincides 
with  the  curve  of  the  Duck  with  R,  D„  =0.89  ami  D0  2R*  =  I  0. 
Ftg.  A-2  shows  the  fully  submerged  Duck  is  tire  best  for  high 
efficiency. 

A-2.  Natural  frequency  of  the  body  should  be  determired  so 
that  the  band  width  of  high  efficiency  b  wide.  J  he  absorbed  wave 
power  efficiencies  with  constant  load  dampings,  which  are  equal 
:o  wave  damping  of  the  natural  frequencies,  are  shown  in  Fig,  A-3 
nltii  a  pjiameter  of  natural  periods  Te  =  1 ,0.  1 .2.  1 .4.  1  .(<.  1 .8  and 
2.0  The  3-D  effeer  is  aiso  shown  in  Fig,  A-3.  Use  3-1)  effect  b 
apparent  at  smaii  wave  numbers. 

Appendix  B  3-D  effect  on  \r 

Wave  damping  coefficients  N,.  are  given  by  160)  and  by 
i”2)  independently  in  3-D  cases.  Both,  calculated  results  bv  i;60s 
and  by  1 72)  are  shown  in  Fig.  A-l.  They  do  not  coincide  with  each 
other.  Or  the  other  hand,  the  approximate  3-1)  hudrodvnamic 
forces  f.j  given  by  (60)  are  proved  to  be  symmetric  practically  by 
numerical  calculations. 
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Fig.  A-4  3-D  wave  damping  coefficien! 


Discussion 
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The  authors  have  prf  ted  an  excellent 
combination  of  theoratical  and  experimental 
methods  and  it  is  interesting  to  compare 
their  results  with  those  of  the  group  in 
Edinburgh  which  have  up  to  now  been  mainly 
experimental. 

The  shape  of  our  ducks  has  been  changed 
in  a  few  respects.  We  have  added  a  bulge 
to  the  back  section  so  that  recovery  from 
capsize  is  assisted  in  extreme  seas.  The 
most  critical  parameters  are  the  water  line 
length,  the  hub  depth,  the  position  of  the 
centre  of  gravity  and  the  moment  of  inertia 
in  roll.  The  shape  of  the  forward  curve  is 
uncri tical  except  where  it  breaks  the  sur¬ 
face.  This  should  be  designed  to  increase 
the  linearity  of  the  hydrostatic  restoring 
force  in  roll  (Fig  3  of  the  author's  paper). 
These  shape  changes  allow  a  convenient  space 
for  our  power  conversion  mechanism  and  a 
cheaper  civil  engineering  design. 

The  full  scale  duck  backbones  have  to 
allow  some  flexure  and  so  there  have  to  be 
gaps  between  ducks.  At  present  we  expect 
to  use  a  24  metre  wide  duck  and  a  30  metre 
spacing.  We  find  that  the  6  metre  gap  does 
not  lose  any  power  but  does  reduce  the  moor¬ 
ing  force  by  a  factor  of  two.  This  now  is 
only  25  tonnes  per  duck  and  seems  to  be  al¬ 
most  independent  of  wave  amplitude  or  spec¬ 
trum  period. 

While  we  share  the  author's  preference 
for  oil  hydraulics  at  full  scale  ail  our 
model  apparatus  uses  electronic  controls 
for  the  power  take-off  and  for  mounting  con¬ 
trol.  This  gives  us  very  convenient  meas¬ 
urements  and  adjustments  and  allows  us  to 
change  the  phase  of  the  power  take  off  forces 
and  use  a  variety  of  non-linear  techiniques 
We  can  measure  the  power  generat  :J  by  heave 
and  sway  movements  and  find  that  sway  can 
provide  some  useful  output,  ’’t  also  turns 
out  that  compliance  of  the  .nounting  can  be 
very  valuable.  We  can  double  the  efficiency 
at  tne  long  end  of  the  spectrum  by  letting 
the  rear  of  the  model  act  like  an  Evans 
cylinder. 

None  of  our  work  so  far  has  been  in 
oblique  waves  and  so  it  is  interesting  to 
see  section  4.5  and  fig  19.  But  we  hope 
that  it  will  eventually  prove  possible  to 
avoid  any  loss  cr  efficiency  in  oblique  seas 
provided  that  the  duck  width  is  small  in 
comparison  to  the  wavelength  and  that  an 
array  of  ducks  is  used.  The  argument  runs 
as  follows:-  A  bank  of  narrow  wavemakers 
with  the  right  drive  signals  can  create  any 
directional  sea,  even  one  including  waves 
moving  at  90°  to  the  line  of  wavemakers. 
Wavemakers  and  wave  absorbers  are  inter¬ 
changeable  if  time  is  reversed  so  that  the 


array  c  -ecks  should  be  able  to  unmake" 
the  sea. 

Finally  may  I  make  a  plea  for  a  change 
in  the  way  results  are  plotted.  Nearly  all 
theoretical  work  uses  frequency  as  the  ho¬ 
rizontal  axis.  The  commercially  relevant 
parts  of  the  spectrum  are  mainly  between 
KRq  =  0.2  and  0.3.  There  is  very  little 
energy  in  the  sea  at  KR^  =  0.8.  Plotting 
against  a  frequency  axis  ciamps  the  useful 
parts  and  expands  the  unwanted  region. 

This  may  mask  an  economically  valuable  re¬ 
sult.  Fig  12  illustrater  the  point  well. 

A  better  understanding  is  given  if  period 
or  wavelength  are  used.  But  it  may  be  that 
the  best  results  will  come  if  we  use  a  pe¬ 
riod  axis  with  intervals  proportional  to  the 
useful  energy  in  that  period  at  a  particular 
wave  field. 

An  independent  assessment  of  the  cost 
of  electricity  generated  by  ducks  suggests 
that  it  is  now  cheaper  than  that  from  new 
oil-fired  plant.  But  before  wide  scale 
production  can  begin  a  further  reduction  of 
two  must  be  achieved.  The  combination  of 
theoretical  and  experimental  work  such  as 
that  of  the  authors  with  sound  production 
engineering  of  equal  standard  will  make 
this  possible. 


Author’s  Reply 


H.  Maeda  (Umv  at  Tokyo) 


The  authors  thank  Mr.  Salter  for  his 
valuable  comments.  The  authors  are  inter¬ 
ested  in  countermeasures  in  extreme  condi¬ 
tions  which  are  accepted  by  Mr.  Salter's 
group  in  Edinburgh.  Countermeasures  in 
extreme  conditions  are  necessary  for  prac¬ 
tical  design.  Extreme  value  prediction  of 
wave  load  in  random  seas  is  ™ery  important. 
This  kind  of  prediction  is  well  investigated 
in  the  case  of  ordinary  ships  which  have 
weak  non-linearity  or  in  the  care  of  large 
scale  of  offshore  structures  the  hydrodynam¬ 
ic  forces  of  which  is  almost  independent  of 
frequency.  But  in  the  case  of  Salters  Duck 
the  hydrodynamic  force  of  which  is  strongly 
dependent  of  frequency  and  which  has  strong 
non-linear  effect  on  hydrodynamic  forces, 
restoring  forces  and  mooring  forces,  the 
prediction  method  of  extreme  value  has  not 
been  investigated  well.  Because  the  purpose 
of  this  paper  is  tc  investigate  the  charac¬ 
teristics  of  absorbing  wave  energy  in  oper¬ 
ating  conditions,  safety  problems  in  extreme 
conditions  are  not  referred  to. 

Mr.  Salter  pointed  out  that  appropriate 
gaps  do  not  lose  any  power  because  of  3-D 
effect  but  do  reduce  the  mooring  force. 

The  authors  have  had  the  same  experience  on 
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multi  shiplike  breakwater. 

There  are  two  kinds  of  standpoint  with 
regard  to  energy  convertor  such  as  hydrau¬ 
lics  or  apparatus  with  electronic  control. 
One  is  the  standpoint  of  a  model  in  a  model 
basin  and  another  is  that  of  full  scale. 
From  the  point  of  view  of  full  scale,  the 
authors  prefer  to  hydraulics  because  of 
their  easy  control  and  storage  of  energy. 
But  from  the  standpoint  of  a  model  basin  we 
share  Mr.  Salter's  preference  for  apparatus 
with  electronic  controls. 

Most  of  the  horizontal  axis  of  figures 


in  this  paper  is  used  as  non-dimensional 
frequency  KR0 .  The  authors  merely  follow 
the  conventional  way  of  ship  hydrodynamics. 
As  mentioned  by  Mr.  Salter,  effective  wave 
frequency  may  be  limited  within  KRe  =  0.2  ^ 
0.5.  The  authors  agree  with  Mr.  Salter's 
proposal  in  which  wanted  region  is  expanded. 
/KR0'  may  be  also  useful  expression  (see  Fig. 
26) .  But  hydrodynamic  forces  in  whole  fre¬ 
quency  range  is  required  theoretically  with 
regard  to  response  in  irregular  waves.  One 
needs  at  least  a  frequency  range  in  which 
energy  convertor  responds. 


Rafts  for  Absorbing  Wave  Power 


Pierre  Haren  and  Chiang  C.  Mei 
Massachusetts  Institute  o I  Technology 
Cambridge,  USA 


ABSTRACT 

Slender  articulated  ra'ts  floating  on 
the  water  surface  can  be  used  to  extract 
energy  from  incident  sea  waves.  For  a 
single  train  of  rafts  in  head  seas ,  we 
assume  that  a  power  converter  is  attached 
to  each  hinge  which  connects  two  rafts,  and 
seek  the  converter  impedances  for  optimum 
absorption.  In  particular,  it  is  found 
that  the  converter  should  have  sufficient 
inertia  or  negative  effective  spring 
stiffness.  The  effects  of  the  width  and 
the  number  of  rafts  and  the  angle  of  inci¬ 
dence  are  also  studied.  Wave  forces  are 
calculated. 

NOMENCLATURE 


secticn  of  raft  n  due  to  diffraction 

vertical  hydrodynamic  force  on 

raft  n  due  to  mode  m. 

hydrodynamic  moment  about  mid- 

section  of  raft  n  due  to  mode  m. 

Ln  length  of  raft  n 

M  mass  of  raft  n  =  pDL 
n  n 

I  moment  if  inertia  of  raft  n  about 
n 

the  mid-section  =  oDBL^  for  honoaeneous 


A  incident  wave  amplitude 

$(6)  angular  variation  of  total  radi¬ 


ated  waves 


B  width  of  raft 


K  wave  number 


P  dv-iamic  pressure 


1  physical  time 


L  total  length  of  raft  train 
Rn  vertical  force  exerted  by  raft 
n  -  1  on  raft  n  through  hinoe  n,  positive 
if  upward.  The  bow  and  the  stern  are 
unconstrained  hence  R,  =  R... .  =  0 

1  N+l 

F^  vertical  hydrodynamic  force  on 
raft  n  due  to  diffraction 


hydrodynamic  moment  about  mid- 


XYZ  physical  coordinates.  7.  is  positive 
upward,  origin  on  the  mean  free  surface 


xyr  dimensior.los.i  coordinate 
La  absorption  length 

C 

b  potential  of  scattered  waves 
potential  of  incident  wave 
i>  potential  of  radiated  waves 
en  pitch  angle  of  raft  n,  positive  if 
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counter-clock-wise 

radiation  potential  due  to  mode  m. 

A  wave  length 

w  frequency 

an  damping  rate  of  converter  n  at  hinge 
n 

C  stiffness  of  converter  n  at  hinge  n 

n 

n  free  surface  displacement 

1.  INTRODUCTION 

In  a  penetrating  paper,  Newman  [1] 
analyzed  an  elongated  floating  body  which 
extracts  energy  from  head  seas.  By  adroit 
use  of  the  indentities  in  the  linearized 
diffraction  theory,  and  slender  body  approx- 
mation,  he  predicted  the  optimum  efficiency 
for  a  wide  range  of  frequencies  when  the 
rafts  are  allowed  to  have  a  variety  of 
smooth  and  piece-wise  linear  modes  of 
motion.  Other  questions  of  engineering 
interest  such  as  the  power  converter  char¬ 
acteristics  needed  to  achieve  the  optimum, 
the  wave  forces  on  the  body,  and  the  effect 
of  ncn-slenditrness  were  not  investigated. 

In  order  to  understand  better  the  mechanics 
of  power  absorption  and  to  obtain  more 
specific  guidelines  for  future  design,  we 
shall  study  in  this  paper  these  questions 
for  a  train  of  articulated  rafts  of  small 
draft,  also  in  the  con*.  ixt  of  linearized 
theory. 

Tc  model  the  power  converter  math¬ 
ematically,  our  attention  will  be  focussed 
on  the  most  straightforward  design  ti.at 
each  hinge  has  a  power  converter  which 
extracts  power  from  the  relative  rotation 
between  two  adjacent  rafts.  In  Newman's 
analysis,  the  motion  of  the  articulated 
rafts  is  decomposed  into  a  set  of  ortho¬ 
gonal  inodes.  T.ns  suggests  th?t  power 
converter  may  be  also  designed  for  each  of 
these  modes  which  may  involve  the  motion 
of  more  than  two  rafts. 

To  calculate  all  hydrodynamic  quanti¬ 
ties,  a  method  of  integral  equation  is  used. 

The  basi .  design  of  the  power  absorb- 
ina  rafts  i-  ■»  independently  to  G.  Hagen 
[4]  and  C.  .ill  *15] 

2,  OUTLINE  THEORY 

We  consider  a  train  of  N  rectangular 
rafts  of  equal  width  B  and  total  length  L. 
The  draft  D  of  all  the  rafts  will  be 
assumed  to  be  negligibly  small  for  dif¬ 
fraction  analysis,  although  some  value  is 
clearly  necessary  for  buoyancy.  Let  the 
x-axis  be  the  lcngj  tudinal  axis  of  the 
rafts  and,  for  the  most  part  of  this  paper, 
also  the  direction  of  the  incident  wave 
with  the  potential 

A  -igA  iKX  KZ  (2.1) 

$  —  - - —  G  G 


The  time  factor  e  is  implied  but  omitted. 

Let  $S  and  4>R  denote  respectively  the 
scattering  potential  due  to  the  presence  of 
the  fixed  train  and  the  radiation  potential 
due  to  the  induced  motion  of  the  floating 
train.  The  total  potential  can  clearly  be 
expressed  as 

*  =  S1  *  $S  +  $R  (2-2) 


Let  us  introduce  Am  as  the  amplitude  of  the 
vertical  displacement  cf  joint  m  with  m  =  1 
at  the  bow  and  m  =  N+i  at  the  stern.  By 
linearity  we  may  write 


^  +  6s  +  Z  Am  o(m)  (2.3) 

m=l 

where  corresponds  to  the  radiation 

potential  of  mode  m  which  is  induced  by 
the  vertical  oscillation  of  joint  m  at  unit 
amplitude,  with  all  othar  joints  remaining  on 
the  x-y  plane.  Clearly,  for  a  prescribed 
geometry,  the  hydrodynamic  boundary  value 

problems  for  $>S  and  are  similar  and  may 

in  principle  be  solved  by  a  number  of 
numerical  methods.  The  integral  equation 
method  sketched  below  is  similar  to  Kim  [6] 
and  is  described  more  fully  in  (2].  It  is 
desianed  specifically  for  zero  draft. 

We  only  outline  the  essential  ingred¬ 
ients  of  our  mehncd  Ccr  the  diffraction 
problem.  Define  the  Green's  function  G 
by  the  Laplace  equation,  the  radiation 
condition,  and  the  following  condition  on 
the  free  surface 


i£2  (~-  G-  f)  =•  «<x  -  XJ  MV  -  vo) 

on  Z  =  0  (2.4) 


Thus  the  Green  function  is  ihe  potential 
due  to  a  point  pressure  on  the  free  surface. 
The  scattering  potential  is  then 


$S(X,Y,Z) 
,  I 


2 

’  i  Pg  rfU _ „  0. 

T  ‘if  *  1 VV  ! 


B 


+  it  <VYo,0)1 


(2.5) 


G( X, Y , Z ;  Xc,Yo,0)  dXQ  dYQ 

where  6*  represent  the  incident  waves.  The 
no-flux  condition  on  the  body  B  is  already 
satisfied.  The  explicit  form  for  G  is,  in 
dimensionless  form: 
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(2.6) 


G  =  g(x,i<o)/-2S^ 

1  e Z 

g(x,y,z, ;  xo,yo,0)  =  -  ^  +  _  [ 


3HQ(p)  +  Yq(p)  -2iJ()(p)] 


e  T  dT 


<T~ l~  T 

z  t  +  r> 

2 

where  (x,y,z)  =  ~(X,Y,Z) 


(2.7) 


2  ,  .  2  ,  ,2 

p  =  (x  -  xQ)  +  (y  -  y, )  . 

2  2  ,  2 
r  =  p  +  s 


and  IH  is  the  Struve  function, 
o 

s  Letting  Z  =  0  in  (2.5)  an  equation  for 
0  on  B  is  obtained,  which  can  be  solved 
numerically  [2]  . 

After  the  potentials  are  found  the 
dynamic  pressure  under  che  raft  n  follows 
from  the  Bernoulli  equation 


Pn  =  i pu>4>  -  pgn 
Z  =  0 


ipw  (<(>-  ||) 


w 

(2.8) 


damping  rate  an  and  a  torsional  spring 

constant  C  ;  C  -  iwa  may  be  called  the 

hinqe  impedance.  Instead  of  a  spring,  we 

can  of  course  use  an  inertia;  C  should  then 

n 

2 

be  replaced  by  -  w  i^. 

The  dynamic  equations  for  raft  n  are 


-w2M„  N+l  ,  . 

-  •>-  (A  +  A  .)  =  Z  k  F<^+  fD 
£.  n  n+l  »  in  n 

m=l 

+  R  -  P. 
n  n+l 

where  the  superscript  D  denotes  "diffraction  prtblem" 


n 

(2.13) 


(=  S+I) ,  and 


N+l 


-k)2I  9  =  l  A  M(m)  4  M°  -  U 


m=l 


m  n 


<Rn  +  Rn+1> 


(C  -  iwa  )  (9  -  8  . )  +  (C  . 

n  n  n  n-*l  n+l 


iwon+l^  (0n+l  "6n) 


(2.14) 


with 


where  rj  is  the  vertical  displacement  of  the 
raft.  The  diffraction  (e>citing)  pressure 
is 


=  ipw  (0s  +  g1),  z  =  0  (2.9) 

while  the  radiation  (restoring)  pressure  is 

P*m>  =  ipw  ($(m)  -  2^  ||(  J)  (2.10) 

w 

The  dynamic  equations  for  raft  n  may  now  be 
derived.  Referring  to  the  list  of  notations 
at  the  beginning  of  this  paper  we  point  out 
that  the  pitch  angle  of  raft  n  is  related 
to  the  vertical  displacements  of  the  ends 

An  and  An+1  b* 

9n  “  <An+l  "  V/Ln  <2-U> 

A  power  converter  attached  to  each 
hinge  n  produces  a  resisting  moment 


<cn  -  i«Sn)  <»„ 

n=2 ,  —  N 


'n-1' 


(2.12) 


CN+1  =  R1  ^+1 

(2.15) 


where  6  and  A„  are  related  by  (2.11) 
n  n 

When  C  -  iwa  is  given  for  n  =  2,  ... 
n  n 

N,  there  are  2N  equations  (2.13)  and  (2.14) 
for  equal  number  of  unknowns  An :  n  =  1 , . . . 
N+l;  and  Rn:  n  =  2,  . . .  N.  Their 
solution  completes  the  entire  dynamic 
problem. 

The  absorbed  energy  from  all  hinges  may 
now  be  calculated 


r2ir/w  N 
dT  E 
n=2 

c 


an  {Rel-iw(9n 


*  9n-l)e 


-iwT 

])2 


(2.16) 


Following  Newman  we  define  the  absorption 

width  L_  by 
a 


Thus  the  converter  is  characterized  by  a 


a  •  9 

T  ~  E  *  ^/2v{ko^h  C) 


(2.17) 


The  next  step  is  to  maximize  L  /A.  We 

a 

proceed  by  first  prescribing  a  set  of 

values  for  K  =  2r/A,  B,  L,  N  and  L  .  For 

n 

each  set  the  hince  impedances  are  optimized 
by  a  relaxed  gradient  method  familiar  in 
non-linear  optimization  and  described  in 
Simmons  [7].  The  computer  program  is  fully 
recorded  in  [2].  The  rate  of  convergence 
for  this  optimization  scheme  is  found  to 
be  quite  variable  but  all  optimum  values 
L Jh  are  checked  by  using  two  starting 
values;  the  results  are  usually  within  0.5% 
of  each  other. 

The  entire  analysis  was  executed  in 
terms  of  the  following  dimensionless 
variables 

(x,y,z)  =  K(X,Y,Z) 

(b,£)  =  K(B,L) 

p  =  -  p  for  P  =  p1  or 
o> 

.  (m)  ig  (m) 

=  -  — -  u 


P  =  ogAp  A  =  Aa 
n  n 


a  c  =  C  2S 

uK4  n  "  V 


We  now  present  and  discuss  the  numer¬ 
ical  results. 

3.  EFFECTS  OF  NUMBER  OF  RAFTS  ON  Lg/A 


In  this  section  we  fix  the  ratios  LA 
-  1  and  B/L  =  0.1.  For  computing  the  buoy¬ 
ancy  we  take  KD  =  0.1  or  D/B  =  0.016. 

3.1  Two- Raft  Train 


When  only  two  rafts  are  joined  by  one 
hinge,  the  optimal  hinge  impedance  and 
efficiency  are  listed  in  Table  I.  LaA  is 

rather  low,  and  does  not  vary  significantly 
as  the  h'nge  position  is  changed.  It  is  a 
curious  fact  that  the  optimum  impedance  is 
the  same  (i.e.  same  converter)  although 
L  /A  chances  when  the  direction  of  the 

a  * 

incident  wave  is  reversed.  More  important, 
the  optimal  spring  constant  is  always  neg¬ 
ative,  suggesting  that  the  converter  should 
have  inertia  instead  of  a  spring.  The 


latter  possibility  has  been  demonstrated  by 
Salter  in  his  "duck". 


TABLE  I  optimum  hinge  impedances  for  Two- 
raft  trains  with  L=A  and  B/L=0.1. 


L, 

L- 

KD  = 

0.1, 

(D/B  =  ( 

1 

L 

2 

L 

V1 

a2 

C2 

.21 

.79 

.360 

.025 

-.127 

.26 

.74 

.356 

.045 

-.189 

.32 

.68 

.349 

.068 

-.249 

.37 

.63 

.341 

.091 

-.299 

.42 

.58 

.331 

.109 

-.335 

.47 

.53 

.  320 

.119 

-.353 

.53 

.47 

.308 

.118 

-.353 

.58 

.42 

.295 

.109 

-.334 

.63 

.37 

.282 

.091 

-.299 

.68 

.32 

.267 

.069 

-.249 

.74 

.26 

.256 

.045 

-.189 

.79 

.21 

.245 

.025 

-.127 

3.2 

Three-Raft  Train 

The  optimal  trains  for  a  variety  of 
hinge  positions  are  given  in  Table  II.  A 
number  of  symmetric  and  asymmetric  trains 
are  included.  Note  that  LA  is  insensitive 

a 


to  L  hence  to  the  position  of  the  hinges; 
n 

this  result  was  already  found  by  Newman  [1] . 
It  is  significant  that  not  only  the  spring 
constants  must  be  negative  at  both  hinges, 
but  also  the  damping  coefficient  of  the  down- 
wave  hinge  (m=3)  must  be  negative.  Thus 
to  achiev:  optimum,  energy  must  be  fed  to 
the  down-wave  hinge  in  order  to  maximize  the 
total  absorption.  It  must  be  remarked  that 
allowing  negative  a3  can  lead  to  negative 


absorption  width  when  the  incident  wave 
frequency  is  different  from  the  design 
value  i.e.,  the  rafts  are  detuned. 


TABLE  II  Optimum  impedances  for  variable 

L^ ,  Lj,  L,  Three-raft  trains  with 


L 

=  i'  and  B/L 

=  0.1, 

KD  =  0 

.1 (D/B 

= 

0.16). 

L  = 

Ll+L2+L3' 

h  l,2  “3 

L  L  T. 

V' 

°2 

a3 

C2 

C3 

.21  .58  .21 

.621 

.036 

-.053 

-.111 

-.092 

.26  .48  .26 

.714 

.063 

-.048 

-.104 

-.116 

.32  .36  .32 

.728 

.074 

-.058 

-.095 

-.118 

.37  .26  .37 

.737 

.078 

-.063 

-.065 

-.101 

.42  .18  .42 

,708 

.089 

-.070 

-.014 

-.081 

.21  .21  .58 

.724 

.025 

-.081 

-.042 

-.057 

.21  .26  .53 

.723 

.022 

-.083 

-.053 

-.067 

.21  .32  .47 

*7  *>  * 

.023 

-.096 

-.064 

-.084 

.21  .37  .42 

1 725 

.028 

-.102 

-.070 

-.113 

.26  .21  .53 

.729 

.048 

-.097 

-.052 

-.073 

.26  .26  .48 

.735 

.04  0 

-.084 

-.066 

-.085 

.26  .32  .42 

.732 

.044 

-.088 

-.078 

-.106 

.26  .37  .37 

.728 

.052 

-.088 

-.091 

-.123 

.26  .42  .32 

.723 

.059 

-.069 

-.096 

-.131 

.32  .21  .47 

.737 

.060 

-.084 

-.055 

-.079 

.32  .26  .42 

.701 

.054 

-.099 

-.102 

-.051 

.32  .32  .36 

.733 

.067 

-.070 

-.082 

-.115 

.32  .42  .26 

.721 

.086 

-.046 

-.115 

-.108 

.36  .21  .42 

.739 

.060 

-.061 

-.053 

-.076 

.42  .21  .36 

.731 

.095 

-.064 

-.036 

-.093 
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i ( KR  -  it/4) 


We  now  study  the  sensitivity  of  LA  to 

a 

changes  in  an  and  C^.  In  particular  the 
effect  of  not  allowing  an  and  Cn  to  be  neg¬ 
ative  will  be  examined.  Consider  two  trains 
T1  and  T2  which  have  different  hinge  loca¬ 
tions  as  shown  in  Table  III.  When  no  re¬ 
striction  is  set  on  the  signs  of  a  and  C 

3  n  n 

the  optimum  L  /A  is  around  0.73.  When  a0 

SL  4 


$s  +  $R  =  .eKZ  Aie: 


KR 


KZ 


(3.1) 


then 


LaA 


1  l-l 

Tt  1  TT 


1  71 


^(6)|2de-2  Re  /f(0)  )  (3.2) 


and  a,  are  both  positive,  the  new  optimum 
L  /A  is  reduced  by  more  than  half.  Finally 

cl 

when  all  a  and  C  with  n  =  2,3  are  kept 
n  n 

positive,  the  maximum  efficiency  is  further 
halved. 


TABLE  III  Optimal  impedances  and  efficien¬ 
cies  under  constraint  for  three- 
raft  trains.  L  =  A  and  B/L  = 

0.1  KB  =  0.1  D/B  =  0.16 

The  train  with  length  ratios 


( 


0.37, 

0.32, 


0.26, 

0.36. 


q'22)  will  be  called  • 


Unrestrained  Optimization 

0.32  0.36  0.32  .728  .074  -.058  -.095  -.118 
0.37  0.26  0.37  .737  .078  -.063  -.065  -.101 


Restrained  Optimization  a^>0, 


0.32  0.36  0.32 
0.37  0.26  0.37 


.337  .089  11.49  -0.30  -0.21 
.346  .069  12.06  -0.25  -0.21 


Restrained  Optimization 


5  0 


C . 32  0.36  0.32 
0.37  0.26  0.37 


.170  .386  .586  0.00  0.00 
.180  .267  .347  0.00  0.00 


Thus  to  maximize  L  /A  one  must  strive  for 
ff(0)  being  negative,  real  and  large,  and 
the  integral  in  (3.2)  small.  Thus  the  total 
radiation  must  be  focussed  in  the  forward 
direction.  We  recall  from  [1]  that  for  one 
degree  of  freedom,  a  good  wave  absorber  must 
be  a  good  radiator  in  the  backward  direction 
When  there  are  two  or  more  degrees  of  free¬ 
dom,  the  amplitudes  of  all  the  modes  must 
be  so  orchestrated  so  that  the  total  A(0)  is 
large.  Intuitively  the  effect  of  positive 
but  negative  ot^  is  precisely  to  achieve 

large  j4(0)  .  In  Figure  1,  |  Jt  (9)|2  is  plotted 
for  train  T2  under  various  restrained  opti¬ 
mizations.  (Curve  Bwith  C^  >,  o)  gives 

i  2 

small  !i°T(6i  i  in  both  forward  and  backward 
directions.  But  Curve  D  without  any  con¬ 
straint  on  the  sign  of  and  c^  is  strongly 

focussed  in  the  forward  direction.  Compared 

C 

with  A  (9)  for  the  scattered  wave,  it  is 
clear  that/{(0)  is  predominated  by  the 

p 

radiated  wave  A  (5),  giving  further  evidence 
that  the  train  must  have  ample  motion  to 
radiate  sufficiently  large  waves  toward 
5  =  0. 


3 . 3  Four-Raft  Train 


Table  IV  gives  the  results  for  seven 
trains  with  the  same  total  length  and  width. 
The  optimum  efficiency  is  somewhat  improved 
over  the  three-raft  trains,  but  the  gain  is 
probably  not  large  enough  to  justify  the 
added  cost  of  the  third  hinge.  Note  again 
that  all  C^'s  are  negative  and  the  downwave 

hinge  must  have  negative  damping  <0. 


It  is  interesting  to  note  that  in  the  last 
case  of  non-negative  C^,  he  optimal 

can  c.slv  be  positive  and  the  optimal  C^ 

is  zero.  Comparing  the  three  alternatives 
above,  it  seems  necessary  to  design  for 
negative  C^  for  good  efficiency. 

For  better  physical  understanding  of 
these  optimum  impedances  we  turn  to  a  general 
formula  derived  by  Newman  UJ.  Let  the  far- 
field  of  the  total  radiated 


4  EFFECT  OF  RAFT-WIDTH 

So  far  all  results  presented  are  for  a 
very  slender  rafts  Tl  and  T2  with  B/L  =  0.1. 
Now  a  slender  raft  is  expected  to  have  a 
large  di splacement  at  optimum  which  may 
cause  difficulties  in  structural  design,  not 
to  mention  the  loss  of  relevance  of  the 
linearized  theory.  Newman's  choice  is  to 
impose  a  limit  of  the  vertical  displacement, 
possibly  by  changing  the  hinge  impedance 
away  from  optimum.  An  alternative  is  to  use 
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wider  rafts.  Table  V  shows  the  optimum 
results  of  trains  with  the  same  length  dis¬ 
tributions  as  T1  and  T2 ,  to  be  called 
classes  I  and  II  respectively,  but  with 
different  widths.  The  dimensionless  dis¬ 
placement  of  the  unrestrained  bow*  |a^|,  i.e. 

the  ratio  amplifying  the  incident  amplit"de  A, 
is  also  listed  along  with  the  optimum 
impedances.  It  may  be  seen  that  for  B/I.  = 
0.1,  la, !  =  4.75  which  is  probably  too  large 

f^r  structural  safety  and  is  expected  to  be 
still  larger  for  longer  waves.  Increasing 
the  width  not  only  reduces  the  displacement, 
but  also  increases  the  efficiency.  Figure 
2  plots  L  /.l  vs  B/L  for  class  I  trains. 

a 

Note  that  the  curve  has  a  horizontal  tangenv 
at  B/L  =  0  showing  that  L./A  increases  very 

a 

little  for  increasing  but  small  B/L. 

Clearly  economical  considerations  account¬ 
ing  for  structural  strength  and  converter 
design  must  enter  for  choosing  the  proper 
width. 


JRBLE  IV  Optimum  impedances  for  four-raft  trains 
L=A  and  B/-X).L  L^L^+L^+L^+L^ 


2  3 

I  A(@)|! 


L3  L4 

L/A 

O 

a2  a3 

a4  C2 

C3  C4 

L  L 

L  L 

.21  .21 

.21  .37 

.742 

.100  .131  -.084  -.073 

-.105  -.100 

.26  .21 

.21  .32 

.752 

.110  .114  -.075  -.053 

-.139  -.092 

.32  .21 

.21  .26 

.755 

.115  .101  -.059  -.043 

-.154  -.082 

.37  .21 

.21  .21 

.741 

.116  .125  -.033  -.067 

-.176  -.066 

.21  .26 

.21  .32 

.758 

.072  .097  -.069  -.058 

-.118  -.081 

.22  .26 

.26  .26 

.760 

.063  .065  -.075  -.019 

-.154  -.076 

.21  .37 

.21  .21 

.766 

.048  .076  -.354  -.052 

-.149  -.049 

TABLE 

V  Optimum 

impedances 

and  efficiencies 

for  Three-raft 

LENGTH  CLASS  I  : 

L,  =0.37  L, 

L  =0.26 

L,  L,=0.37L 

B/L 

|axl 

laA 

a2  a3 

£. 

C2 

C3 

0.1 

4.75 

.737 

.078  -.063 

-.065 

-.101 

0.2 

3.23 

.750 

.137  -.104 

-.101 

-.172 

0.3 

2.65 

.780 

.190  -.132 

-.120 

-.243 

0.4 

2.40 

.825 

.241  -.160 

-.138 

-.314 

0.5 

2.24 

.883 

.298  -.191 

-.153 

-.389 

0.6 

2.12 

.952 

.358  -.224 

-.164 

-.470 

0.7 

2.35 

1.03 

.423  -.26i 

-.173 

-.555 

0.8 

2.01 

1.12 

.491  -.302 

-.183 

-.642 

0.9 

1.97 

1.20 

.559  -.343 

-.194 

-.729 

1.0 

2.04 

1.30 

.628  -.384 

-.203 

-.819 

LENGTH  CLASS  11:1^=0.32  L,  L-,=0.36  L, 

,  L3=0-32L 

B/L 

La/A 

a2 

a3 

C2 

C3 

0.1 

.728 

.074  -.058 

-.095 

-.118 

0.2 

.739 

.140  -.091 

-.137 

-.209 

0.3 

.768 

.199  -.118 

-.174 

-.290 

0.4 

-813 

.261  -.141 

-.201 

-.376 

0-5 

.871 

.327  -.166 

-.225 

-.467 

0.6 

.941 

.395  -.192 

-.245 

-.562 

0.7 

1.02 

.468  -.224 

-.269 

-.659 

0.3 

1.11 

.543  -.259 

-.292 

-.760 

0.9 

1.19 

.621  -.295 

-.314 

-.865 

1.0 

1.29 

.697  -.331 

-.336 

-.969 

Fig.  Is  Angular  variation  of  total  radiation 
intensity  1^(6)  :  2,  _  «js  + 


A:  Scattering  only 
B:  Optimum  under  >  0 

C:  Optimum  under  >  0 


Dt  Unconstrained  optimum 


This  end  has  the  largest  displacement 
among  all  joints. 


:*L 


0!  Q2  01  04  05  06 

B/L 


Fig.  2:  Optical  efficiency  for  three-raft 

Trains  of  Class  I  with  different  widths. 


5.  EFFECTS  OF  CHANGING  WAVELENGTH  ON  L  /A 

In  this  section  two  widths  are  consider¬ 
ed  B/L  =  0.1  and  B/L  =  0.3;  the  draft  is 
still  D/L  =  0.016.  The  raft  lenaths  are  of 
class  I.  The  optimum  data  for  B/L=0.3  are 
given  in  Table  VI.  The  optimum  L^A  for 

a 

B/L  =  0.1  and  0.3  are  also  plotted  as  curves 
C  and  A  in  Figure  3. 


TABLE  VI  Optimum  results  for  variable  L/A. 

B/L  =0.3  D/L  =  0.016,  for  two  trains 
of  different  length  ratios. 


TRAIN  T3 : 

h 

= 

0. 

37L,  L2 

,  =  0.26L 

,  l3  = 

0.37L 

L/i  L^A 

\ 

ia 

ll 

a2 

°3  ' 

S>  C 

'  4 

0.3  0.414 

1.38 

54 

.54 

2.15  10 

"4  -.089  - 

.013  -. 

200 

0.4  0.415 

1.04 

19 

.47 

2.86  10 

“3  -.088  - 

.040  -. 

170 

0.5  0.48? 

0.97 

10 

.39 

.039 

-.085  - 

.070 

067 

0.6  0.730 

1.22 

7. 

97 

.052 

-.051  - 

.049  -. 

050 

0.7  0.7C5 

1.12 

5. 

57 

.076 

-.070  - 

.070  -. 

080 

0.8  C.819 

1.02 

4. 

89 

.064 

-.062  - 

.096  -. 

094 

0.9  0.803 

0.39 

3. 

23 

.115 

-.094  - 

.111  -. 

160 

1.0  0.780 

0.78 

2. 

65 

.190 

-.133  - 

.120 

243 

1.1  0.752 

0.68 

2. 

32 

.281 

-.164  - 

.110  -. 

345 

1.2  0.718 

0.60 

2. 

11 

.400 

-.193  - 

.007  -. 

469 

1.3  0.675 

0.52 

1- 

94 

0.560 

-.220  0 

.000  -0 

i.61 

1.5  0.565 

0.38 

1. 

.61 

1.080 

-0.31  0 

.380  -0 

i.92 

1.7  0.438 

0.26 

1. 

32 

2.160 

-0.82  1 

.000  -1 

.07 

2.0  0.292 

0.15 

1. 

,19 

6.680 

-5.33  3 

.070  -1 

.14 

2.3  0.238 

0.10 

0. 

68 

16.51 

-21.34  12.21  -13.85 

TRAIN  T4: 

h 

= 

0. 

321,,  L. 

2  =  0.^6L 

'*  L3  = 

0.32L 

L/A  LaA 

La/L 

“2 

“3 

<2 

C4 

0.3  0.414 

1.38 

1.03  10~4  -.089 

-.010 

-.200 

0.4  0.415 

1.04 

1.33  10' 

'3  -.088 

L.030 

-.170 

0.5  0.488 

0.98 

.020 

-.075 

-.063 

-.069 

0.6  0.768 

1.28 

.035 

-.042 

-.061 

-.052 

0.7  0.787 

1.12 

.051 

-.064 

-.101 

-.078 

0.8  0.317 

1.02 

.066 

-.056 

-.112 

-.129 

0.9  0.794 

0.88 

.120 

-.087 

-.147 

-.399 

1.0  0.768 

0.77 

.200 

-.118 

-.174 

-.290 

1.1  0.737 

0.67 

.306 

-.141 

-.181 

-.404 

1.2  0.701 

0.58 

.452 

-.154 

-.155 

-.537 

1.3  0.658 

0.51 

0.651 

-.160 

-0.09 

-0.68 

1.5  0.552 

0.37 

1.280 

-0.24 

0.190 

-0.92 

1.7  0.438 

0.26 

2.530 

-0.75 

0.730 

-0.94 

2.0  0.323 

0.16 

7.070 

-5.75 

2.950 

-1.19 

2.3  0.294 

0.13 

15.47 

-17.2 

11.22 

-17.3 

First  we  note  that  for  very  long  waves 
the  displacement  is  very  large,  in  qualita¬ 
tive  agreement  with  Newman.  For  comparison 
we  calculated  the  optimum  efficiency  L  /•". 

a 

for  B/L  =  0  according  to  Newman's  theory 
as  shown  by  dashed  lines .  When  LA  *  1  our 


Fig.  3:  Efficiency  curves. 

A:  B/L  =  0.3  Optimum  at  all  frequencies 

B:  B/L  =  0.3  Optimum  for  L  = 

C:  B/L  =0.1  Optimum  at  all  frequencies 

optimum  for  B/L  =  0.1  agrees  well  with  his 
and  is  somewhat  higher  for  B/L  =  0.3  due  to 
the  qreater  raft  width.  However,  for  longer 
waves  convergence  towards  Newman 1 s  optimum 
was  too  slow;  the  values  of  La/A  reported 
here  are  only  half  of  Newman’s. 

Upon  closer  examination  of  our  cal¬ 
culations  it  is  found  that  the  discrepancy 
is  associated  with  the  fact  that  only  the 
even  mode  is  fully  excited  but  not  the  odd 
mode;  the  modes  being  those  defined  in 
Kef.  [1J.  Since  Newman  already  showed  that 
both  even  and  odd  modes  give  comparable 
efficiency,  the  nearly  50%  reduction  of 

L_/A ,  therefore,  corroborates  with  the  weak 
« 

excitation  of  the  odd  mode.  Haren  [2J  has 
calculated  for  L  =  A  /2  that  Newman's  theory 
predicts  the  f'otimal  amplitudes  of  the  ever, 
and  odd  modes  to  be  8  and  30  respectively, 
while  our  computation  only  gives  8.45  and 
3.33  respectively.  For  small  KL  it  can  also 
be  inferred  from  !1]  that  the  optimum  dis¬ 
placements  of  the  two  modes  are  in  the  ratio 
of 


which  is  very  small  where  aL  is  the  length 
of  the  middle  raft  !a  =  0.26  for  Tl) .  The 
vastly  larger  A  implies  th3t  the  odd  mode 

is  much  more  sharply  tuned  than  the  even 
mode,  and  demands  much  higher  numerical 
accuracy  in  the  present  optimization  program. 
In  another  example  for  a  train  in  a  channel, 
the  two  modes  have  comparable  ana  moderate 
amplitudes  and  the  present  optimization  pro¬ 
gram  gives  the  same  result  as  Newman  £ 1 j . 
While  a  more  efficient  optimization  technique 
can  in  principle  oring  further  agreement  with 
Newman,  the  present  experience  suggests  that 


the  same  difficulty  must  also  exist  in  de¬ 
signing  a  control  system  which  would  opti¬ 
mize  both  even  and  odd  modes.  In  any  case, 
the  extraordinarily  large  amplitudes  for 
long  waves  should  be  avoided. 

Finally  we  show  in  Curve  B  the  efficien¬ 
cy  when  the  dimensional  5^  and  take  the 

optimal  values  only  at  L  =  A.  The  sharpness 
of  the  peak  means  that  the  system  is  rather 
highly  tuned,  and  an  inertial  converter  with 
electronic  control  to  optimize  according  to 
incident  seas  is  highly  desirable. 

From  preceeding  discussions  it  is  clear 
that  proper  design  of  power  converters  whose 
impedances  are  automatically  adjustable 
with  respect  to  hinge  location  and  incident 
wave  characteristics  is  essential  to  good 
efficiency.  Using  the  same  converter  of 
fixed  impedance  at  all  hinges  is  unwise. 

This  point  appears  not  to  have  been  appre¬ 
ciated  by  many  inventors  with  the  notable 
exceptions  of  Salter  for  beam-sea  absorbers 
and  Budal  and  Falnes  for  point  absorbers. 

6 .  WAVE  FORCES 


In  Figure  4  we  plot  the  vertical  forces 
and  the  moment  on  the  up-wave  hinge  {m  =  2) 
corresponding  to  Table  VI  (hence  the  values 
for  L/?i  <  1  are  imperfectly  optimal)  .  The 
force  and  moment  on  the  dowr.-wave  hinge  are 
similar  and  are  not  presented  here.  In 
addition  the  second  order  drift  force  can 
be  calculated  from  the  far  field  amplitude 
according  tc  the  theory  of  Maruo  13] 


<F>  a  ~?3_ r2  /I 

*  2K  '7! 

+  2  Re  A  (0)  } 


cos  efft{9) | 2dS 

'o 

(6. 


and  is  shown  as  curve  C.  Note  that  all 
forces  become  large  for  long  waves  implying 
in  practice  that  the  system  should  be  de¬ 
tuned  to  sacrifice  the  theoretical  optimum. 


7.  MODIFICATION  FOR  OBLIQUE  INCIDENCE 

The  incident  wave  is  now  given  by 

ik { x  cos  S  +  y  sin  S' 
e 


ikx  cos  S 
e 


[cos 


(v  sin  8> 


+  sin  (y  sin  S}] 


(7.1) 


The  first  term  above  gives  rise  to  a  pres¬ 
sure  distribution  which  is  even  in  y,  while 
the  second  term  is  odd  in  y.  The  odd  pres¬ 
sure  distribution  affects  roll  only.  How¬ 
ever,  because  of  the  zero  draft,  roll  is 
completely  uncoupled  with  the  other  modes 
of  motion  symmetrical  in  y.  Thus  we  need 
only  replace 


ikx  . _ „iKx  cos 

e  by  e 


n 

COS 


Cy  sin  3} 


optimal  LA  for  L  =  A  is  shown  in  Figure  5 
a 

as  a  function  of  8 •  The  curve  is  reasonably 
flat  for  small  8.  For  example  for  8  =  15° 
the  reduction  from  head  sea  incidence  is  10% 
while  for  8  =  25°  the  reduction  is  20%. 

Since  it  is  typical  that  95%  of  the  energy 

is  within  8  =  25°  the  reduction  of  efficien¬ 
cy  due  to  oblique  sea  is  rot  serious. 


Fig.  4:  Wave  forces  on  three-raft  train  T3 
A:  Normalized  vertical  force  at  hinc- 

2:  10 iR2 i/ogAL2 

B:  Normalized  moment  at  hi nee  2: 

10lM2'/cgAL3 

C:  Normalized  drift  force:  <F>/cgA  !*• 
Results  for  L/.'.<1  are  imperfectly 
optimized. 


Fig.  5:  Variation  of  efficiency  with 
incidence  angle  3,  for  train  T3 
with  L  =  A.  and  are  optimal 


in  all  hvdrodynamicaJ  calculations.  The 


=  0. 


8 •  CONCLUDING  REMARKS 

For  Hagen-Cockerell  rafts  the  following 
criteria  for  ina>  iinum  efficiency  wav  be 
summarized. 

(1)  The  power  converters  must  be  controlled 
to  vary  with  the  incident  sea. 

(2)  The  converters  must  have  proper  inertia 
or  neaative  spring. 

(3)  The  forward  converter  may  require  energy 
input  to  focus  energy  forward.  Thus 
for  best  overall  absorption,  the  for¬ 
ward  hinge  mast  lose  energy. 

(4)  Increasing  raft  width  can  increase  the 
absorption  width  and  reduce  the  .  aft 
displacement. 

(5)  Loss  of  optimum  efficiency  in  oblique 
seas  is  not  serious. 
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In  our  paper  numerical  evidences  are 
given  that  for  maximum  absorption  the  rafts 
must  be  moved  to  radiate  waves  which  are 
sh-  rply  focused  in  the  forward  direction 
(c. .  Figure  1  Haren  and  Mei),  and  this  is 


achieved  by  absorbing  energy  from  hinge  2 
while  releasing  energy  from  hinge  3.  We 
now  have  the  theoretical  proof  that  forward 
focusing  is  a  general  criterion  for  optimal 
absorption. 

The  incident  wave 


,  ikx  - 
Ae  =  A 


c  (i)  J  (kr)cos  nS 
n  n 


behaves  in  the  far  field  as: 


=  A 

1  Jr.  kr 
[exp(ikr  - 


(i)  cos  no 


lr  1R3, 


+  exp  (-ikr  +  —  +~)  ) 


In  the  brackets,  the  first  term  is  the 
diverging  part  while  the  second  term  the 
converging  part  of  mode  n.  To  maximize 
power  absorption  one  must  try  to  radiate 
waves  in  order  to  cancel,  in  combination 
with  the  scattered  waves,  as  many  diverging 
parts  in  the  incident  wave  as  possible.  The 
converging  parts  of  these  modes  then  con¬ 
tribute  to  the  absorbed  power.  For  a 
slender  raft  in  head  seas  the  scattered 
waves  are  negligible.  Ideally,  to  cancel  all 
the  outgoing  modes  of  the  incident  waves, 
the  radiated  waves  by  the  body  motion  should 
have  the  following  far  field  amplitude 


B(e)  =  £  t.  c  (i)ne“in  "/2cos  nS 
2  n=0  n 

=  §4  0) 


where  (S)  is  the  Dirac  i-function.  If  this 
could  be  achieved  the  absorption  width  would 
be  infinite.  Of  course  this  cannot  be 
achieved  in.  practice  since  the  raft  lengtn 
ar.d  the  motion  amplitude  must  both  be 
} ;  itec.  In  any  case  the  above  result 
i  <lies  that  a  good  slender  head-sea 
a'  orber  must  strive  for  maximum  focusing  in 
t«  .  forward  direction. 

The  preceding  argument  can  also  be  used 
to  provide  an  alternative  proof  of  Newman's 
(1976)  conclusion  for  an  axially  symmetric 
body  with  a  vertical  axis.  If  the  body  is 
allowed  to  heave  only,  the  radiated  wave 
is  isotropic  and  can  at  most  cancel  out  the 
outgoing  part  of  the  isotropic  mode  in 

the  incident  wave.  It  may  be  shown  that 
the  energy  absorbed  from  the  converging 
part  of  Jg  gives  La  =  1/k .  Similarly  if 
the  body  is  allowed  to  sway  only,  the 
radiated  wave  can  only  cancel  out  the  out¬ 
going  part  of  J.  cos  9;  the  converging 

part  cives  1  =  2/k. 


Discussion 


be  solved  by  the  addition  of  inertia  load 
i  for  optimal  load. 


H.  Tanaka  (YoionamaN  Umvt 

It  will  be  respected  to  clarify  the 
mechanism  of  wave  power  absorption  of  rafts. 
I  want  to  ask  the  following  points  and  to 
make  some  proposals. 

(1)  It  will  be  necessary  to  take  a  mooring 
condition  into  consideration  in  Eq.(2.13) 
and  (2.14),  please  show  the  supporting  of 
rafts  in  the  calculated  results  of  Table  1 
to  3. 

(2)  For  designing  power  conversion  mecha¬ 
nism,  it  is  convenient  to  have  an  informa¬ 
tion  on  the  load  factor  defined  by  the  ratio 
of  damping  force  of  load  versus  wave  exci¬ 
ting  force.  Please  show  an  example  shown 

in  Table  1. 

load  factcr=viscous  frictional  torque 
/wave  exciting  moment 
=a2o*02-ei)  VMj0 

at  L^/L  =  0.21  and  0.47,  where!*)  means 
optimal  condition. 

(3)  It  will  be  better  to  define  the  hinge 
impedance  not  by  (c^-iea^)  but  by 

(a  -c  /i  u)  because  of  the  correspondence 
n  n 

to  mechanical  impedance. 

(4)  The  problem  of  negative  soring  cn  will 


Author’s  Reply 


P.  Haren  (MiTj 

We  thank  Prof.  Tanaka  for  his  remarks 
and  suggestions. 

Question  (1)  relates  to  the  mooring 
condition.  Because  our  trains  have  2ero 
draft  there  is  no  first  order  mooring  con¬ 
dition  (no  first  order  horizontal  force) . 

We  assume  a  slack  mooring  to  prevent  second 
order  drift.  Otherwise  our  body  is  freely 
floating . 

Question  (4)  deals  with  our  "negative 
spring"  assertions.  The  exact  “general¬ 
ized"  spring  is  (Cn  -  in  «*)  and  indeed 
negative  values  can  be  obtained  by  choos¬ 
ing  Cn  =  0  and  in  >  0.  The  variations  of 

lCn  in  w2)  with  u  are  very  different  if 

Cn  <  0  anc  in  =  0  or  if  Cn  =  0  and  in  >  0. 

It  appears  that  a  fixed  Cn  leads  to  a 

broader  bandwidth  than  a  fixed  in- 

All  this  only  corresponds  to  a  phase 
shift  between  the  resisting  moment  and  the 
displacement  which  could  eventually  be 
dealt  with  by  a  "smart"  electronically 
controlled  hinge. 
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1.  INTRODUCTION 

Very  large  amounts  of  energy  are 
stored  in  the  Oceans  of  the  world  in  the 
form,  of  waves. 

In  principle,  this  energy  could  re¬ 
place  a  significant  part  of  that  currently 
being  provided  through  exhaustible  fuels. 

however,  the  potential  of  wave  power 
generation's  only  practical  application  in 
the  world  today  is  in  a  navigation  light 
buoy.  Thus,  the  utilization  of  wav  a  ener¬ 
gy  is  still  limited  to  a  small  seal  a. 

The  Japan  Marine  Science  and  Techno¬ 
logy  Center  (JAMSTEC)  has  been  carrying 
out  a  five-year  development  research  pro¬ 
ject  on  a  large  output  wave  power  genera¬ 
tor  since  1976. 

Since  the  objective  of  the  research 
is  the  conversion  of  wave  energy  into 
electricity,  a  wave  power  generator, 
"Kaimei , "  was  constructed  in  order  *■■->  per¬ 
form  two  series  of  ccen-ssa  trials  during 
1978  -  19S0. 

From  these  tests,  much  of  the  results 
obtained  through  experiments  using  model 
vessels  have  been  proven  cn  the  actual 
seas. 

Among  the  various  findings,  generator 
Ho. 9  has  recorded  a  maximum  output  of 
about  29 IKK,  exceeding  all  expectation. 

2.  PRINCIPLE  OF  THE  SYSTEM 

Various  applicable  methods  for  the 
conversion  of  wave  power  into  electrical 
power  have  been  proposed  by  experts 
throughout  the  world.  However,  JAMS TEC 
has  been  concentrating  its  efforts  on  the 
research  of  a  wave  power  -generator  employ¬ 
ing  air  turbines.  In  this  type  of  genera¬ 
tor,  a  bottomless  box  is  floated  on  the 
surface  of  the  sea,  and  an  entering  and 


exiting  flow  of  air  is  actuated  by  the  up¬ 
ward  and  downward  movement  of  the  water  in 
the  box.  An  air  turbine  and  generator  unit 
are  installed  on  the  box  and  utilize  these 
air  currents  to  generate  electricity. 

After  various  types  of  model  tests, 
the  steelmade  30-m  ling,  12-m  wide  "Kaimei" 
was  constructed  as  shown  in  Figure  1.  The 
hull  of  the  Kaimei  consists  of  four  buoy¬ 
ancy  rooms  and  a  number  of  air  pump  rooms 
where  wave  energy  is  converted  into  air 
f  low . 
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Fig.  1  Kaimei  1979  The  Second  Trials 
3.  OPSH-SEA  TRIALS 

The  open-sca  trials  of  the  r.aiaei  were 
r-Tforaed  twice.  The  first  series  were 
curried  out  during  the  winter  of  1978-79, 
since  wave  activity  at  the  test  site  in  the 
Japan  Sea  is  at  its  peak  during  this 
period.  During  the  trials,  the  Kaimei 
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cairied  three  Japanese  made  generators. 

Following  the  trials,  the  Kaimei  was 
returned  to  harbour  to  allow  refitting  with 
a  new  group  of  generators,  seven  of  Japa¬ 
nese  design  and  manufacture  and  one  from 
the  U.K.  With  the  exception  of  the  non¬ 
arrival  of  the  generator  from  the  USA,  the 
work  was  completed  on  schedule  and  in  time 
to  allow  the  Kaimei  to  be  returned  to  the 
test  site  for  the  second  open-sea  trials 
during  the  winter  of  1979-80. 

The  second  sea  trial  was  a  joint 
research  project  involving  five  countries 
as  an  International  Energy  Agency  under¬ 
taking  . 

The  participants  are  as  follows. 

Canada  -The  National  Research  Council 
of  Canada 

Ireland-The  Government  of  Ireland 

Japan  -The  Japan  Marine  Science  and 
Technology  Center 

U.K.  -The  Secretary  of  State  of 
Energy 

USA  -The  Department  of  Energy 
3.1  The  Test  Site 

The  test  site  was  situated  3km  off 
Yura  (N:  38044',  E:  139°39')  on  the  West 
coast  of  Japan  as  shown  in  Figure  2.  Wave 
activity  at  the  test  site  in  the  Japan  Sea 
is  at  its  peak  during  the  winter. 

The  Kaimei  was  moored  heading  to  WNW 
since  the  maximum  winds  are  predominantly 
out  of  between  W  and  NW. 

The  fetch  is  open  to  the  W  for  about 
1000km  and  to  the  NW  for  about  700km. 


length  of  the  Kaimei  was  designed  to  be  80 
m.  Estimating  maximum  wave  height  at  12m, 
the  strength  of  each  section  of  the  hull 
was  calculated  based  on  this  assumption. 

For  the  first  open-sea  trials,  the  displace 
ment  of  the  Kaimei  including  the  three 
generator  units  was  found  to  be  599  tons, 
and  GM  was  7.25M.  Through  forced  pitch 
and  roll  tests  made  under  calm  water  con¬ 
ditions,  the  natural  period  of  rolling  was 
found  to  be  T  =  5.2sec. 

For  the  second  open-sea  trials,  dis¬ 
placement  including  the  eight  generator 
units  was  723.6  tons,  GM  was  4.49M,  and 
the  natural  period  of  rolling  was  T  =  6.3 
sec.  Since  the  natural  period  of  rolling 
was  so  close  to  the  wave  period,  there  were 
apprehensions  of  resonance.  However,  after 
confirming  safety  through  studies,  52.4 
tons  of  concrete  ballast  was  placed  at  the 
bottom  of  the  ship  for  trim  adjustment. 

This  increased  the  displacement  to  776  tons 
under  normal  conditions,  and  821.2  tons 
during  the  open-sea  experiments  with  the 
weight  of  the  mooring  chains  —  45.2  tons 
—  added  (the  weight  of  generator  unit 
No.l  was  not  included). 

3.3  Design  of  Mooring 

The  primary  concern  in  conducting  the 
open-sea  trials  was  related  to  the  mooring. 

The  Kaimei  was  moored  at  four  points 
at  the  bow  and  one  point  at  the  stern  with 
a  buoy  in  the  middle  of  the  chain.  As  a 
result,  a  slack  mooring  method  using  heavy 
chains  was  confirmed  to  be  the  safest.  The 
two  main  lines  are  95mm  super  grade  4  chain 
chains  and  the  other  three  lines  are  76mm 
grade  3  chains. 


Fig.  2  Test  Site 
3.2  Construction  of  the  Kaimei 


In  conformity  with  the  average  wave 
period  of  6  -  7  sec.  in  the  Japan  Sea,  the 


Fig.  3  Outline  of  Mooring  System 


Fig. 3  illustrates  the  mooring  arrange¬ 
ment.  This  system  was  applied  to  restrict 
the  range  of  movement  due  to  the  use  of 
transmission  cables.  Although  the  direc¬ 
tion  of  the  bow  changed  in  accordance  with 
the  direction  of  the  wind  and  waves,  actual 
observations  showed  that  its  movement  was 
within  a  120°  range,  almost  the  same  figure 
as  had  been  projected. 

The  method  of  mooring  calculations  was 
the  same  as  in  reference  {1] .  Design  con¬ 
siderations  included  waves  with  1/3  sig¬ 
nificant  wave  height  of  8m  and  period  of 
10  seconds,  wind  velocity  of  lOOkt,  and 
currents  of  3kt.  The  wind  and  waves  are 
out  of  the  head  of  the  Kaimei,  and  a  maxi¬ 
mum  tension  of  87  tons  was  expected  on  the 
main  mooring  lines. 

3.4  Generator  Units 


The  alternating  air  flow  generated  in 
the  air  pump  rooms  is  made  to  flow  in  the 
same  direction  through  the  air  turbine  by 
the  flap  valves  in  the  valve  box  as  illus¬ 
trated  in  Figures  4  and  5.  The  difference 
in  air  pressure  inside  and  outside  the 
valve  box  causes  the  flap  valves  to  open  and 
to  close.  FRP  material  which  is  light  and 
strong  is  generally  used  for  the  valve 
board.  Figure  5  illustrates  a  2-valve 
system  in  which  two  air  pump  rooms  are 
used  in  pair:  one  reacting  to  the  upward 
movement  of  the  waves,  and  the  other,  to 
the  downward.  Figure  6  shows  a  4-valve 
system  whose  air  pump  room  reacts  to  both 
periods  of  the  waves. 


Fig.  4  2-valve  System 


Turbine 


Fig.  5  4 -valve  System 

According  to  comparative  studies  made 
in  the  water  tank  tests,  it  was  found  that 
with  long-period  waves  a  4-valve  system 
obtained  an  output  almost  twice  that  of  a 
2-valve  system.  Tests  are  being  carried 
out  with  a  4-valve  system  plus  a  damper 
tank  system  as  shown  in  Figure  6.  In  this 
case,  the  air  output  from  the  four  air 


pump  rooms  are  collected  to  turn  one  tur¬ 
bine.  However,  in  order  to  reduce  the  fluc¬ 
tuation  of  air  pressure  as  much  as  possible, 
one  large  damper  tank  is  employed  for  each 
of  the  plus  and  minus  sides.  This  system 
was  applied  to  unit  No. 2.  While  there  is 
an  advantage  in  that  the  number  of  turbines 
and  generators  are  reduced  in  accordance 
with  the  number  of  air  pump  rooms,  there  is 
also  a  disadvantage  in  that  the  number  of 
valves  must  be  increased  to  120  thus  re¬ 
quiring  the  use  of  a  large  valve  box. 

For  damper  tanks,  the  buoyancy  rooms 
on  the  left  and  right  sides  of  the  Kaimei 
are  utilized.  Although  the  tanks  in  both 
the  plus  and  minus  side  have  a  capacity  of 
approximately  400m3  each,  as  a  result  of 
computer  simulation  ,  it  was  desirable  to 
double  the  capacity. 

An  air  turbine  with  a  diameter  of  1.4m 
installed  aboard  the  Kaimei  is  shown  in 
Figure  7 .  All  seven  of  the  Japanese-made 
units  employ  the  same  type  of  air  turbine. 

As  a  result  of  the  model  tests,  impulse 
turbines  with  round  frontal  blades  were 
developed  taking  into  consideration  the 
fluctuations  of  air  flow.  Anti-corrosion 
aluminum  alloy  (hydronalium)  was  used 
for  the  turbines  in  order  to  prevent  cor¬ 
rosion  by  sea  water.  The  turbines  were 
inspected  after  the  first  open-sea  trials, 
but  no  abnormality  was  observed. 

A  generator  is  directly  connected  to 
the  turbine  and  made  to  rotate  at  the  same 
speed.  The  six  Japanese-made  generators, 
excluding  the  one  employing  the  lamper  tank 
system,  are  synchronous  types  and  produce 
125KW  of  electrical  power  at  840rpm.  Since 
^e  rotation  speed  of  the  turbines  changes 
accordance  with  the  fluctuations  of  the 
air  flow,  generated  output  also  changes. 

The  generated  electrical  power  is  dis¬ 
sipated  in  a  resistor  aboard  the  Kaimei, 
and  measurements  of  the  electrical  current 
and  voltage  are  observed  and  recorded. 

The  generator  employing  a  damper  tank 
system  differs  in  that  it  is  designed  to 
transmit  electricity  to  electrical  power 
systems  on  land.  As  a  result,  it  requires 
the  use  of  an  induction  generator  which 
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Fig.  7  Turbine  and  Generator 


Japan  employed  2  and  4-valve  systems, 
and  the  U.K.,  a  4-valve  system.  Table  1 
illustrates  the  specifications  of  the  gene¬ 
rating  units  of  each  country  participating 
in  the  test  on  the  Kaimei. 


Table  1  Turbines  and  Generators  on  the 
Kaimei 


Country 

Item 

Japan 

U.  K 

Valve  system 

2-valve 

4-valvc 

4-vah  e 

(air-dumper 

method) 

4-valve 

Turbine  type 

Impulse 

Impulse 

Impulse 

S0£  reaction 

Turbine  outer 
diameter 

1400  mm 

1400  mm 

1400  mm 

990  mm 

Material  of 
turbine 

liydronaltum 

ilydronalium 

Ilydronalium 

Almmum- 
coppcr  alloy 

Generator 

type 

Alternating- 

current 

synchronous 

generator 

(vertical) 

Alternaimg- 

current 

synchronous 

generator 

(horizontal) 

Squirrct-cage 
induction  ' 
generator 
(horizontal) 

Alternating- 

current 

synchronous 

generator 

Rated  output 
voltage 

125KVV.  200V 

125KW.200V 

125KW.  200V 

125KW.  200V 

Unit  number 

Nos  3. 5  and  6 

Nos  4,  ?  and  9 

No  2 

No.  8 

Number  of 
generators 

3 

3 

' 

1 

There  are  also  turbines  which  utilize 
alternating  air  flow  to  rotate  in  one 
direction  without  the  use  of  valve  mecha¬ 
nisms  . 

A  non-valve  special  turbine,  called 
the  Wells  turbine,  was  tested  on  the 
Kaimei  from  April  1980. 


ence  of  the  air  pump  room,  decrement  of 
wave  height,  motion  of  the  model,  and  dis¬ 
tribution  of  air  pressure  and  air  output. 

The  method  of  theoretical  analysis 
was  the  same  as  in  reference  [2]  and  was 
compared  with  the  tank  test  results.  It 
was  clear  that  air  output  changed  depending 
on  the  position  of  the  air  pump  room. 

Figure  8  shows  that  the  results  of  theore¬ 
tical  analysis  agree  we)l  to  the  experi¬ 
mental  results.  By  using  this  theory,  the 
total  air  output  power  of  the  80  meter 
Kaimei  was  found  to  be  4,000  KW.  If 
efficiency  of  air  output  to  electrical 
output  was  50%,  2,000  KW  of  total  electri¬ 
cal  output  would  be  expected.  This  value 
represents  the  first  stage  estimate  at 
the  beginning  of  the  Kaimei  study. 


Fig.  8  Variation  of  Output 
3.6  Measurement  System 

Since  the  Kaimei  was  designed  for  un¬ 
manned  power  generation  tests  in  rough 
seas,  an  automated  measurement  system  using 
reliable  apparatus  was  adopted. 

The  measurement  items  can  generally 
be  classified  as:  weather,  waves,  hull 
movements,  mooring  forces,  relative  wave 
heights  in  aid  out  of  the  air  pump  room, 
air  pressure  in  the  air  pump  room,  differ¬ 
ential  pressure  of  the  turbines,  revolu¬ 
tions  of  the  turbines,  electrical  current, 
voltage,  and  electrical  power.  The  82 
data  items  were  simultaneously  transmitted 
through  a  wireless  telemeter  to  the  shore 
station  where  they  were  monitored  and 
recorded.  Although  the  major  measurement 
items  were  under  continuous  observation, 
the  other  items,  as  a  rule,  were  monitored 
for  20  minutes  (actual  time  19  minutes)  for 
every  three  hours.  The  monitored  data  were 
input  into  computers  at  a  sampling  inter¬ 
val  of  0.5  seconds,  recorded  in  magnetic 
tape,  and  preserved. 

In  addition,  a  control  function  for 
transferring  the  generated  electricity  to 
the  main  land  network  was  also  incorporated 
into  the  telemeter  system. 


3.5  Theoretical  Analysis 


4.  TEST  RESULTS 


Theoretical  analysis  was  made  tc 
clarify  essential  phenomena  of  the  ship- 
type  model  Kaimei ,  especially  the  inf lu- 


4 . 1  Waves 

Four  types  of  wave  height  meters 


(w ave  rider,  ship-borne  wave  height  meter, 
ultrasonic  wave  neight  meter,  and  buoy- 
type  wave  height  meter)  were  employed  in 
the  open-sea  tests.  The  measured  data 
obtained  by  the  wave  rider  and  the  ultra¬ 
sonic  wave  height  meter  were  very  close. 
Satisfactory  results  were  also  obtained 
from  the  other  wave  height  meters. 

All  wave  data  were  analyzed  as  follows: 
max,  mean  and  significant  wave  heights  and 
wave  periods  were  lead  by  the  zero  crossing 
method,  spectral  density,  wave  periods 
defined  by  wave  spectrum  and  others. 

Figure  9  shows  wave  spectrum  in  storm  sea. 
Figure  10  shows  wave  power  recorded  during 
the  first  and  second  open-sea  trials. 


that  m  summer.  Moreover,  wave  power  re¬ 
corded  during  the  winter  of  the  second  open- 
sea  trial  was  considerably  higher  than  that 
in  the  first. 

Figure  11  shows  the  scatter  diagram 
of  the  second  trial.  Every  point  was  taken 
from  an  analysis  of  19  minutes  every  3 
hours.  Wave  distribution  was  mainly  4-10 
seconds  in  period  and  1  -  4  in  wave  height. 


0  0.1  0.2 
Frtqmncy 

Fig.  9  Wave  Spectrum 
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Fig.  10  Wave  Power  Record 

Wave  power,  P,  can  be  obtained  by  the 
following  equation: 

P  =-|f-fiy.T  . O-) 

64  ti  /J  P 

where  Hys  is  the  significant  wave  height 

and  Tp  is  peak  period  of  wave  spectral 
density. 

In  Figure  10,  the  waves  recorded 
during  the  first  open-sea  trial  are  indi¬ 
cated  by  the  dotted  line;  that  of  the 
second  open-sea  trial,  up  until  July,  is 
indicated  by  the  solid  line.  In  general, 
wave  power  in  the  winter  is  higher  than 


Fig.  11  Scatter  Diagram  of  the  Second  Tria 

Figure  12  shows  comparison  of  Hys  as 

the  1/3  significant  wave  height  computed  by 
the  zero-up  crossing  method  with  Hno  as 
computed  from  the  variance  spectra,  density 
Hmo  can  be  obtained  by  the  equatior  (2) : 


=  4.004/ml 


mn  =  J”fnS(f)df  . (3) 


where  mn  is  the  n-th  moment  of  frequency 
spectrum  defined  by  Eq. (3) 

From  Fig.  12,  the  relation  of 
Hm0  =  1.05  H y  can  be  obtained.  Then,  it 

is  considered  that  the  constant  number, 
4.004  of  Eq. (2)  for  ,  requires  to  be 
corrected  to  3.81.  It  has  been  reported 
that  the  number  3.81  is  applicable  to  the 
area  of  large  waves. 
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Fig.  12  Comparison  of  H^j,  and  Hy 

In  the  sea  of  Japan,  this  relationship 
was  established  from  calm  seas  to  storm 
seas. 

According  to  the  statistical  theory, 
the  mean  zero  crossing  wave  period  can  be 
estimated  from  the  frequency  spectrum  as: 

T?  ~  (m0/m2 )  x/i  =  Tmw  . (4) 

As  the  mean  wave  period  actually  observed 
in  the  wave  record  usually  shows  some 
deviation  from  the  value  of  Eq. (4)  due  to 
wave  nonlinearity  and  other  reasons,  the 
symbol  of  Tmw  is  employed  to  denote  the 
value  calculated  by  Eq.<4).  Another  mean 
wave  period  is  defined  by: 

Tmoi  =  No/1"!  . (5) 

The  mean  wave  periods  Tmoi  and 

are  calculated  using  the  formulas  by 
Mitsuyasu(1970)  and  Ferd.inande  e;  1.(1975) 
as  in  the  following: 

Tm  =  0.7718  Tp  ; 

Tm  =  0.7104  Tp 

Actual  wave  measurements  and  spectral 
analyses  at  the  test  site  showed  the  dif¬ 
ference  of  the  theoretical  values. 

Fig.  13  and  Fig.  14  show  comparison 
of  spectral  moments  with  spectral  peak. 

From  these  figures,  Tmoi  ,  in  terms  of 

Tp  will  be  Tm,,  =  0.69Tp,  Tm  =  0.62Tp, 
These  values  will  show  little  differences 
against  the  theoretical  values. 
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Fig.  13  Comparison  of  Spectral  Moment 
Tmoi  to  Tp 
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Fig.  14  Comparison  of  Tm(o  to  Tp 

4.2  Tension  of  Mooring  Line 

The  mooring  tension  was  measured  by  a 
Strain  stall  tension  meter  in  the  first 
trials  of  1978,  and  maximum  tension  was 
found  to  be  only  50  tons. 

Since  the  Kaimei  in  the  second  trials 
was  approximately  200  tons  heavier  than  in 
the  first,  the  surface  area  subjected  to 
wind  pressure  was  larger.  Consequently,  an 
increase  in  the  mooring  force  was  expected. 

The  maximum  mooring  tension  recorded 
during  the  second  trial  was  84.4  tons  on 
the  NV)  line,  recorded  on  October  19. 

Figure  15  shows  the  data  of  mooring  tension. 

On  that  day,  wind  direction  was  283°, 
average  velocity  was  32.4kt,  Hs  was  5.9m, 
and  Hmax  was  9.1m,  Fortunately,  this 
recorded  tension  value  was  very  close  to 
the  estimated  37  ton  value.  The  fluctua¬ 
tions  of  tension  include  long  period  fluc¬ 
tuations  of  104  seconds  and  short  period 
fluctuations  of  7.7  seconds.  The  7.7  sec¬ 
ond  short  period  coincides  with  the  pitch¬ 
ing  period  of  the  Kaimei,  while  the  motion 
of  the  1 '4  second  long  period  is  considered 
as  the  low  frequency  drift  of  the  Kaimei. 


V 


} 

% 


Records  of  7rni»on 


Oct. 19  21^0 


Time  in  sec 


Fig.  15  Record  of  Wave  and  Tension(NW) 
4 . 3  Transmission  Cable 


The  electrical  power  generated  by  the 
No. 2  induction  generator  is  transmitted  to 
land  through  a  transmission  cable  laid  on 
the  sea  bottom.  The  installation  of  such 
a  cable  to  a  floating  structure  is  diffi¬ 
cult,  especially  to  a  floating  vessel  as 
the  Kaimei  which  can  move  freely  within  a 
limited  range.  With  the  cooperation  of  an 
electrical  manufacturing  company,  we  have 
produced  a  special  FRP  armored  cable  which 
is  effective  against  kinking.  The  cable 
between  the  sea  bottom  and  Kaimei,  instal¬ 
led  with  the  combination  of  weights  and 
buoys  shown  in  Figure  16,  gave  good 
results  during  the  first  open-sea  trials. 
Consequently,  the  same  method  was  applied 
for  the  second  trials.  A  widely  used  iron 
armored  cable  was  employed  as  the  undersea 
cab*.e. 
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Fig.  16  Installation  of  Cable 
4.4  Relative  Wave  Height 

Since  the  Kaimei  is  a  floating  struc¬ 


ture,  it  makes  pitching,  rolling,  and  heav¬ 
ing  movements  in  conjunction  with  the  ele¬ 
vation  of  the  waves. 

These  movements  influence  relative 
wave  height  in  the  air  pump  rooms. 

During  the  second  open-sea  trials, 
relative  wave  height  gauges  measured  the 
height  of  the  waves  which  exert  actual  in¬ 
fluence  on  the  air  pump  rooms.  Two  meters 
each  was  installed  on  both  sides  of  the 
bow,  the  midship,  and  the  stern. 

The  measured  data  are  shown  in  Figure 
17.  Relative  wave  height  ratios  are  deri¬ 
ved  by  dividing  relative  wave  heights  by 
significant  wave  heights  at  the  location  of 
a  wave  rider. 
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Fig.  17  Relative  Wave  Height  by  Hs 

When  wave  height ,  Hi 3  increases ,  wave 
period  and  length  also  increase.  As  a 
consequence,  the  Kaimei  begins  to  pitch, 
and  the  relative  wave  heights  at  the  bow 
and  stern  become  as  low  as  50%  -  40%  below 
that  of  the  wave  height  outside.  Particu¬ 
larly  at  midship,  wave  height  is  about 
3/10  of  the  wave  height  outside.  Such 
unexpectedly  low  relative  wave  height  is  a 
negative  factor  for  increased  generated 
output  of  the  Kaimei.  Thus,  some  improve¬ 
ment  must  be  done  to  raise  relative  wave 
height. 

4.5  Generated  Output 

The  major  objectives  of  the  experiment 
were  to  learn  the  Kaimei 's  generated  out¬ 
put  characteristics  and  areas  for  improve¬ 
ment.  In  this  section,  the  following  sub¬ 
jects  will  be  discussed:  improvement  of 


generating  output  through  use  of  a  4-valve 
system;  output  and  efficiency  of  the  No. 9 
generator;  test  on  the  electricity  network 
linkage  using  the  No. 2  generator;  and  com¬ 
parisons  between  actual  output  of  the  gene¬ 
rators  and  results  of  the  water-tank  tests. 

4.5.1  Improvement  of  generated  output 
employing  the  4-valve  system 


The  2-valve  system  operates  with  a 
single  cycle  of  the  air  flow,  whereas  the 
4-valve  system  operates  with  alternating 
air  flows.  Because  it  was  desirable  to 
reduce  the  number  of  valves  in  designing  a 
valve  box  for  the  Kaimei,  three  2-valve 
systems,  with  only  half  the  number  of 
valves  as  the  4-valve  system,  were  tested 
in  the  first  trials. 

The  results  of  the  water-tank  test 
indicated  that  the  generated  output  of  a 
4-valve  system,  as  compared  with  the  2- 
valve  system,  could  be  increased  two-fold 
with  long  wave  lengths.  Based  on  the  above 
results,  in  the  second  trials  three  4-valve 
systems  were  tested  for  comparison. 

Comparison  between  the  generating  out¬ 
puts  of  the  2-valve  and  4-valvc  systems  is 
shown  in  Figure  18.  At  the  start,  there 
was  almost  no  difference  between  the 
systems.  Later,  with  an  increase  in  the 
period,  the  output  of  the  4-valve  system 
became  twice  that  of  the  2-valve  system. 
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Fig.  18  A  Comparison  of  Output  between 
2  Valves  and  4  Valves  System 

4.5.2  Output  and  efficiency  of  No. 9 
generator 

The  generated  outputs  were  highest  at 
the  bow  and  stern  of  the  Kaimei.  Since  the 
U.S.  unit  was  not  installed  at  the  bow,  the 
No. 9  unit  installed  at  the  stern  generated 
maximum  output.  Figure  19  shows  the  out¬ 
put  of  the  No. 9  generator  recorded  under 
the  large  waves  of  October  19 ,  The  waves 
were  recorded  at  Hi,  =  5.9m,  Hmax  =  9.8m, 


and  Tmean  =  6.3  secs ,  and  maximum  and  ave¬ 
rage  output  were  290  KW  and  50  KW  respec¬ 
tively. 

The  generating  efficiency  of  the  No.  9 
unit  can  be  calculated  by  obtaining  the  air 
output  from  air  pressure,  P,  the  inside 
wave  height,  Hin,  of  the  air  chamber,  and 
the  generated  electricity  from  electric 
current  and  voltage.  The  resulting  effi¬ 
ciency  of  impulse  turbine  (No. 9) ,  as  shown 
in  Figure  20,  was  45%  -  75%.  Efficiency, 
of  course,  increased  along  with  air  pres¬ 
sure. 
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Fig.  19  Generating  Conditions  of  the 
No. 9,  4-Valve  Synchronous 
Generator 
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Fig.  20  Turbine  Efficiency  of 
Impulse  and  Wells 

4.5.3  Power  transmission  test 
(No. 2  generator) 

The  highlight  of  the  second  trials  was 
the  power  transmission  test. 

This  was  an  epoch-making  event,  un¬ 
preceded  in  the  world.  Electricity  genera¬ 
ted  from  the  Ho. 2  induction  generator  was 
transmitted  to  the  electricity  system  on 
land  through  cables. 


The  experiment  on  the  No. 2  generator 
also  included  a  test  on  the  stabilization 
of  air  output  employing  an  air  damper  tank. 

The  test  of  the  induction  generator 
linkage  to  the  land  system  was  conducted 
in  December,  January,  and  the  middle  of 
April.  At  first,  there  were  technical 
problems  which  included  rush  currency  upon 
the  input  of  the  induction  generator,  vol¬ 
tage  fluctuation  of  the  main  power  system 
due  to  the  nature  of  waves,  and  self- 
excitation  in  case  of  disconnection.  Con¬ 
sequently,  the  linkage  tests  were  conducted 
very  carefully  under  joint  research  with 
the  Tohoku  Electric  Power  Co.,  Inc.  Every 
test  results  were  below  the  permissible 
limit,  and  thus  the  tests  were  completed 
successfully  wihtout  any  problems. 

Results  of  the  long-term  continuous 
transmission  test  conducted  from  January 
14  to  31  are  shown  in  Table  2.  Compari¬ 
sons  are  made  with  results  taken  from  the 
No. 9  unit  (synchronous  generator)  at 
different  significant  wave  heights. 

Table  2  Generated  Outputs  of  the  No. 2  and 
No. 9  Units  in  the  Latter  Half  of 
January 


Wave  Height 
(1/3  significant)  <m) 

0.5 

1 

2 

3 

4 

5 

6 

No.  > 

induction 

Generator 

Maximum 
Output  (KWl 

20 

35 

66 

9-5 

125 

150 

No  dau. 
due  to  the 
action  of 
the  breaker 

Average 
Output  <KW) 

3 

5.4 

104 

14.7 

20 

25 

No.  9 

Synchronous 

Generator 

Maximum 
Output  <KW> 

5 

20 

60 

110 

160 

220 

300 

Average 
Output  tKW) 

0.5 

7.5 

17.5 

28 

35 

50 

In  order  to  avoid  any  influence  of 
voltage  fluctuation  on  the  general  power 
system  caused  by  excessively  large  waves, 
maximum  voltage  for  the  test  was  limited 
to  178KW.  In  fact,  when  output  exceeded 
150KW,  the  breaker  would  react,  and  the 
safety  valves  in  the  valve  box  would  open 
and  halt  generation.  This  may  have  been 
attributable  to  a  discrepancy  in  data 
sampling.  During  the  period  of  experiment 
which  lasted  for  half  a  month,  there  were 
seven  occasions  when  generation  was  stopped 
automatically  because  generating  output 
exceeded  the  limit.  The  rated  output  of 
the  induction  generator  is  125KK. 

Its  air  turbine  is  the  same  as  other 
Japanese-made  synchronous  generators ,  with 
a  diameter  of  1.4m. 

Voltage  of  the  generator  was  200V,  and 
rotation  speed  was  set  at  600RPM  in 
accordance  with  the  50-cycle  main  power 
system.  Output,  increased  to  6000V,  was 
transmitted  to  the  land  power  system. 

4.6  Differences  in  the  Generated  Output 
at  Different  Locations  of  the  Kalmei 

the  first  open-sea  trials  recorded  the 


same  generated  output  for  the  units  instal¬ 
led  at  the  bow  and  stern  of  the  Kaimei,  and 
one-half  of  the  output  value  for  the  one 
installed  at  midship.  Comparison  of  the 
output  of  the  generators  during  the  second 
trials  were  made  in  terms  of  average  out¬ 
put.  Figure  21  shows  the  changes  in  out¬ 
put  of  each  generator  by  significant  wave 
heights. 


ikw) 


Fig.  21  Average  Output  for  each  Generator 
by  Wave  Height 

4.7  Mean-maximum  Generating  Output  Rates 

The  biggest  problem  in  improvement  of 
wave  power  generation  is  fluctuation  of 
generated  output.  The  cycle  of  fluctua¬ 
tion  runs  from  30  secs  to  ICO  secs.  More¬ 
over,  the  ratio  of  average  output  over 
maximum  output  is  about  1/6  -  1/7. 

The  4-valve  system  observed  a  smaller 
fluctuation  margin  than  the  2-valve  system. 
The  mean-maximum  output  ratio  of  1/6  -  1/7 
can  be  understood  as  follows: 

mean/maximum  =  (0.72) ’/(l. 8) 2  =  1/6, 

where  0.72  Hy.  is  average  energy 

wave  height,  and  l.SHy  is  maximum 
wave  height.  1 

During  the  second  trials,  the  only 
experiment  conducted  on  normalization  of 
generated  output  was  on  the  air  damper 
tank  method.  However  the  normalization 
problem  is  a  vital  field  of  study  as  it 
may  determine  whether  wave  power  generation 
can  be  utilized  commercially. 

5.  CONCLUSION 

The  two  series  of  open-sea  trials  on 
the  wave  power  generator  kaimei  were  per¬ 
formed  in  safety. 

a)  From  actual  wave  measurements  and 
spectral  analyses  at  the  test  sites, 
mean  wave  periods  of  Tm,t  ,  Tm52  were 
found  to  be  0.69Tp  and  0.62Tp  respec¬ 
tively. 

b)  The  maximum  mooring  tension  record¬ 
ed  during  the  second  trials  was 

84.4  tons  agreeing  to  tne  tneoreti- 
cal  results. 
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c)  The  occurence  of  power  cable  kink¬ 
ing  between  the  floating  vessel  and 
the  sea  bottom  could  be  avoided  by 
using  an  FRP  armored  cable. 

d)  The  output  of  the  4-valve  system 
was  twice  that  of  the  2-valve  system 
with  long  wave  periods. 

e)  Linage  tests  on  the  No. 2  induction 
gen*-  rator  were  completed  successfully 
ana  without  any  problem. 
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TECHNICAL  REFERENCE 

In  order  to  evaluate  characteristics, 
related  to  the  Kaimei ,  much  of  the  data 
were  analyzed;  and  in  order  to  make 
imnrn'MaapH,  sopor'll  basic  tank  tests  and 
turbine  tests  were  carried  out. 

The  main  results  are  as  follcws- 


a)  Relative  wave  height  must  be  in¬ 
creased  in  order  to  increase  air  out¬ 
put,  NEL's  idea  of  a  side  opening  with 
a  bottom  plate  will  be  one  of  the 
promising  ideas. 

The  length  and  depth  of  the  Kaimei, 
etc.,  must  be  reconsidered  from  this 
point  of  view. 

b)  Side  opening  with  bottom  plate 
(Figure  22) 

This  idea  was  proposed  by  NEL,  U.K. 
A  model  Kaimei  with  a  bottom  plate 
showed  an  increased  air  pressure  ratio 
of  about  1.6-2  times  of  that  without 
a  bottom  plate.  Therefore,  a  2.5  -  4 
fold  increase  in  air  output  can  be 
expected  through  this  method. 


Fig.  22  Comparison  of  Air  Pressure  Ratio 

of  a  Kaimei  Model  with  and  without 
bottom  plate 


c)  Turbine  nozzle  ratio  (turbine 

nozzle  area/air  pump  room  area) 

A  1/230  nozzle  throttle  ratio  was 
adopted  for  Kaimei' s  turbine,  but  the 
tank  test  with  the  8m  model  indicated 
that  a  1/75  nozzle  throttle  ratio  was 
best  and  would  increase  power  1.8 
times  greater  than  that  with  a  1/230 
nozzle  throttle  ratio. 

d)  Wells  turbine  test  result 

A  non- valve  wells  turbine  of  0.6m 
diameter  with  4  wings  operated  on  the 
Kaimei.  Its  energy  conversion  effi¬ 
ciency  was  found  to  be  relatively 
hi jh  (more  than  60%)  with  very  small 
waves,  and  its  features  of  high  speed 
rotation  and  simple  construction  may 
greatly  decrease  the  cost  of  turbine 
and  generator  units.  Figure  20  shows 
a  comparison  of  turbine  efficiency 
between  the  wells  turbine  and  the 
impulse  turbine.  The  impulse  turbine 
shows  low  efficiency  with  low  air 
pressure  and  high  efficiency  with  high 
air  pressure.  The  wells  turbine,  how¬ 
ever,  showed  high  efficiency  with  low 
air  pressure  and  low  efficiency  with 
high  air  pressure.  This  different 
characteristic  may  give  a  safety 
factor  to  the  wells  turbine  in  very 
high  seas. 
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e)  Damper  tank  model  test 

The  damper  tank  method  represents 
one  way  of  smoothing  wave  power. 

It  was  tested  using  the  8  m  model 
and  the  entire  buouancy  room  as  the 
damper  tank. 

Smoothing  effect  was  observed.  A 
main  feature  of  this  method  entailed 
decreasing  the  nozzle  throttle  ratio 
A  ratio  of  1/400  gave  maximum  output 
therefore  turbine  diameter  will  be 
relatively  small  with  Damper  tank 
method. 

f)  Output  normalization  methods 

Output  normalization  methods,  and 

its  water  tank  testing  must  be  re¬ 
searched. 

Since  the  damper  tank  is  not 
sufficient  for  output  normalization 
of  1  -  2  minute  variations,  use  of  a 
fly  wheel,  etc.  must  be  researched. 
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in  stoady  air  flow  and  welcome  tho  octiv 
itios  of  JAMBTEC  in  this  aron. 


B.M.  Count  (UK  Conitui [lucincity  Owwiahny  (iotutij 


X  would  like  to  congratulate  Mr.Masuda 
on  establishing  tho  feasibility  of  wovo 
power  with  the  construction  of  KA1MEI . 

I  would  just  like  to  add  that  in  tho  UK 
wo  are  vory  interested  in  using  nir  turbines 
for  wave  energy  absorption.  We  have  ana¬ 
lyzed  and  testod  tho  Well's  Turbine  which 
requires  no  valves  to  operate  in  a  cyclic 
flow. 

Our  toots  confirm  our  theory  that 
officioncios  of  about  70%  can  be  obtained 
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V,  Masuda  (JAMStEC) 


Our  test  result  of  the  Wells  turbine 
is  shown  in  Fig. 20. 

Efficiency  was  more  than  60%,  it 
agroos  to  UK's  theoretical  analysis. 

Non  valve  turbine  is  vory  useful  for  im¬ 
provement  of  KAXMEI,  but  further  study 
including  hydrodynamic  is  nocessary  to 
dovelop  this  turbino. 
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